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The limited energy source and environmental problems created by greenhouse 
gases and other pollutants from detrimental fossil fuel by product provides the driving 
force for researching on renewable energy source- solar energy. In the first part of this 
thesis, the fundamentals of organic photovoltaics are discussed followed by introducing 
three types of organic semiconducting materials and their applications in organic solar 
cells. In the second chapter of this thesis, a series of small molecules have been 
synthesized and attempted them in molecular bulkheterojunction (BHJ) solar cell. The 
band gap energy of the small molecules can be tuned according to the strength of the 
donor moiety. The special configuration of phenothiazine donor moiety improves the 
film-making properties. In chapter 3, a novel donor-spacer-acceptor (D-π-A) type organic 
dye has been synthesized using phenothiazine donor, vinyl-bithiophene spacer and 
cyanoacrylic acid acceptor and highly efficient dye-sensitized solar cell (DSSC) have 
been fabricated using liquid electrolyte. Structural modification by introducing two donor 
moieties to the D-π-A system improves the photoabsorption capacity but does not lead to 
improvement of efficiency. To address the problem associated with liquid electrolyte in 
DSSCs, a new class of solid state ionic conductor as electrolyte for solid-state dye 
sensitized solar cell (SDSC) has been developed in chapter 4. The well-known hole 
conductor carbazole is attached to imidazolium iodide structure and successfully 
deployed as solid state ionic conductor in SDSCs. The combined solid state ionic 
conductors and iodine electrolytes provides dual channels for hole/triiodide transportation 
in SDSC. In the last part of this thesis, a generic functionalization method based on 
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Suzuki coupling and diazonium coupling has been developed to synthesize graphene-
polymer hybrids. Reduced graphene oxide sheets are grafted with semiconducting D-π-A 
type polymer. Although these hybrids do not show useful photovoltaic response, they 
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1.1. Introduction to organic photovoltaic: 
1.1.1. Motivation and Background: 
It is necessary to look for alternative energy source to satisfy the ever increasing 
demands for energy. Fossil fuel sources are depleting very fast and are estimated to be 
consumed fully by 2050.1 Moreover, conventional fossil fuel cell generates green house 
gases as by products (like CO2, SO2, NO2, CO, etc), and these are detrimental to the 
environment and create global warming like problems. Since its discovery in 1954,2 
silicon-based solar cells have been used as an alternative source of energy which converts 
light energy of sun to electrical energy. However, silicon based solar cell has not become 
the true alternative to fossil fuel due its tedious, high energy consuming and costly 
processing technique.3
absorption coefficient
 Organic molecules show semiconducting properties and therefore 
have potential to be used in photovoltaic application. In organic photovoltaic (OPV) cell, 
organic polymer or small molecule absorb light and after that generated charge is carried 
to the electrode by the organic semiconductor. Wet solution processing as well as roll-to-
roll printing allows low cost scaling up of production. High  of 
organic molecules enables to harvest a large amount of light with small amount of 
materials. In addition, flexibility of organic molecules with ease of processing makes it 
potentially lucrative for photovoltaic applications. For these reasons, over the past few 
decades, there are intense research efforts on organic solar cells. The first milestone was 
achieved by Tang et al. in 1986 by achieving 0.9% efficiency with Copper 
phthalocyanine (CuPC) dye as photon absorber in organic solar cell.4 After that, different 
 2 
type polymer and small molecules were used as photon harvesting semiconductor in 
plastic solar cell to generate current and a maximum efficiency of 6.5% achieved.5 In 
1991, Professor Gratzel developed a new concept of dye sensitized solar cell6 which 
combines the advantage of the highly conducting inorganic part and the ease of 
processing for the organic semiconductor part. To date, an efficiency of 11% has been 
attained using this type of liquid photoelectrochemical cell.7
efficiency
 The main disadvantages 
associated with organic photovoltaic cells are its lower  compared to inorganic 
photovoltaic cells. The conventional inorganic solar cell based on gallium arsenide and 
monocrystalline silicon single-junction solar cells have power conversion efficiencies of 
~25%.8
The design of new organic functional molecules which can harvest sunlight and 
efficiently convert optical to electrical energy is one of the grand challenges for organic 
chemist. A good understanding of the photocurrent generation mechanism is required in 
order to develop such organic molecules. In this chapter, a brief introduction to organic 
semiconductor and the basic working principle of organic solar cell will be discussed. In 
the next three chapter of this thesis, the design, synthesis and photovoltaic device testing 
of new photoactive organic molecules will be presented.  
 
1.1.2. Organic semiconductor: 
Organic materials can behave like semiconductor when it contains conjugated 
bonds. The carbon atoms are sp2-hybridized, as a result a δ-bond between two carbons is 
formed by creating orbital overlap of two sp2-orbitals (Figure 1.1). The remaining pz 
orbitals form additional π-bonds. In the ground state, the lower-energy bonding π orbitals 
are filled while the higher-energy anti-bonding π* orbitals are empty, constituting valence 
 3 
and conduction states, respectively. These states have much smaller energy difference 
between the highest occupied molecular orbital (HOMO) and lowest unoccupied 
molecular orbital (LUMO), leading to semiconducting properties. In conjugated system 
the delocalization of these states along the conjugated backbone creates two continuous 
bands of filled, and empty, states (Figure 1.2). The energy gap between the top level of 
the filled (i.e. HOMO) band and the bottom level of the empty (i.e. LUMO) band is the 
band gap energy which is largely responsible for the electronic and optical properties of 














Figure 1.1. Hybridization of the atomic orbitals (b) and formation of bonds (a) for two 




Figure 1.2. A schematic diagram of energy levels, hybridization of atomic orbitals 
creates two continuous band states of filled and empty i.e. HOMO and LUMO. Eg
 
 is the 
band gap energy, difference between HOMO and LUMO energy levels.  
1.1.2.1. Photo induced charge generation and charge transport: 
Contrary to the inorganic counterparts, organic semiconductors typically have 
very low intrinsic free charge carrier densities, due to a relatively large bandgap (~1 to 3 
eV). As a consequence, there are practically no thermally excited free carriers. In the 
context of the band picture, photon excitation promotes an electron from the valence band 
to the conduction band, and the minimal energy required for this process is the band gap 
energy, as shown in Figure 1.3. The positive charge left in the wake of excitation is 
represented by a hole in the valence band. Organic semiconductors have low dielectric 
constants of ~3,9 thus there is strong coulombic attraction between an excited electron 
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and a hole, resulting in a tightly bound state known as an ‘exciton’ as shown in the 
diagram in Figure 1.3. The binding energy is estimated to range roughly from 0.2 to 1.4 
eV10 which is much higher than the thermal energy KT (25 meV) at room temperature. 
For this reason, the ‘exciton’ needs to be split up at the ‘interface’ (a common boundary 
of two materials with different electron affinity,4 across which the chemical potential of 
electrons decreases) to give free charge carrier as electron and hole which are responsible 
for conductivity. Free carriers can be introduced also into the organic semiconductor by 
direct injection from an electrode under an applied bias, or chemical doping.11
Following addition or removal of an electron, there is a redistribution of charge to 
minimize energy. As a result there is a change in bond-lengths, bond angles and nuclear 
positions. This change in molecular lattice configuration around the charge is termed as 















Figure 1.3. A schematic energy level diagram showing photon absorption creates exciton 
and exciton diffused to the lower energy states. Due to Gaussian distribution of energy 
states polarons move through the organic semiconductor.12 
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Real organic semiconductors consist of more than just a single conjugated chain, 
there can also be significant overlap between π orbitals from separate conjugation chains. 
This creates a Gaussian distribution of polaron states or exciton states of the actual 
energy levels which the electrons and holes occupy (bound as an exciton or not) in an 
organic semiconductor. If an exciton is created on a molecule (polymer chain) having a 
large energy gap, it can undergo rapid energy transfer to neighbouring sites of lower 
energy. The process is termed ‘exciton diffusion’. Similarly, in disordered films of 
organic semiconductors, hole- and -electron-polarons are transported through the bulk by 
hopping13
Like inorganic semiconductors, the electrical conduction in organic materials can 
be n-type or p-type.
 from higher states of a molecule to a lower state of a neighbouring molecule. 
14 Hole-conducting materials are those that accept hole carriers with a 
positive charge and transport them. Likewise, electron-conductive materials are those that 
accept electron carriers with a negative charge and transport them. Therefore, materials 
which have low ionization potentials together with low electron affinities usually 
function as hole transporting or conducting materials, whereas materials which have high 
electron affinities together with high ionization potentials usually function as electron-
transporting materials. In other words, charge-transporting materials which contain 
electron-donating moiety (Figure 1.4) in their structure, show hole conducting properties. 
On the other hand organic semiconducting materials which contain electron-accepting 
moieties usually serve as electron transporting materials. From the structure of the 
moieties in Figure 1.4, it is clear that the heteroatoms with +R (positive mesomeric 
effect) or +I (positive inductive effect) group are responsible for hole conducting 
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property. In another case, heteroatoms with –R (negative mesomeric effect) and –I 
(negative inductive effect) group are responsible for electron conducting property.  
 
Figure 1.4. Structures of electron withdrawing and electron donating moieties in electron 
and hole conducting materials respectively. 
 
Inorganic semiconductors have charge carrier mobilities that are nearly three order of 
magnitude higher than typical organic semiconductor (typically10−5–0·1 cm2/ Vs).15
 
 As a 
result of this limitation, organic semiconductors are not suitable for use in electronic 
applications that require very high switching speeds. However, the performance of some 
organic semiconductors, coupled with their ease of processing make it competitive in 


































Electron donationg moiety in hole transporting materials
Electron withdrawing moiety/ group in electron transporting materials
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1.1.2.2. Chemical structure and band gap energy: 
Band gap energy of a system can be tuned by hybridization of many non 
degenerate molecular orbitals in a conjugated length, as decrease in band gap energy is 
shown in Figure 1.2 with increasing conjugation length. During the progress of 
conjugation, the HOMO and LUMO levels of the repeating unit disperse into the valence 
and conduction bands which ultimately decrease the band gap. However, in the case of 
conjugated polymers the optical absorption reaches the maximum value after a certain 
conjugation length, which is referred to as the effective conjugation length (ECL).16
This effective conjugation length is depended on few factors such as, the bond-
length alternation ∆r (E
 
∆r), the resonance energy stabilization of the aromatic ring system 
(RE), the inter-ring torsion angle θ (Eθ). Additionally, substituent has inductive or 
mesomeric effects, S (Es) to tune the band gap energy and thus the intrinsic bandgap of 




g = E∆r + RE + Eθ + E
 
s 
Manipulating the bond length alternation was shown to be a powerful tool to 
change the bandgap energy. For example the presence of a benzene ring stabilizes some 
quinoid contributions to the ground state geometry of polyisothianaphthene. As a result, 
the bandgap is found to decrease from 2.2 eV of polythiophene to 1.0 eV of 
polyisothianaphthene.18
Most conjugated systems have aromatic units as monomers, the aromaticity is 
preserved in the polymer structure. The resonance energy is defined as the energy 
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difference between the aromatic structure and a hypothetical reference, consisting of 
isolated double bonds. Aromaticity leads to a confinement of the π-electron on the ring 
and competes with the delocalization. As a result the band gap decreases with the 
decreasing resonance energy. For example, acyclic polyacetylene has lower band gap 
energy (~1.4 eV) compared to polythiophene (2.1 eV) with thiophene aromatic moiety. 
Similarly para-polyphenylene (3.4 eV) has higher band gap than polythiopehene because 
benzene ring has higher aromaticity than thiophene unit. 
Increase of the bandgap energy occurs, when torsion between the adjacent units 
partially interrupts the conjugation. As for example, locking the inter-ring positions of the 
thiophenes unit in a thiophene trimer using CH2 bridges leads to a considerable decrease 
the band gap energy i.e. increase in absorption maxima (λmax) from 380 to 750 nm.19 
Similarly planarization of the π system in ethylene bridged poly(p-phenylene) oligomers 
leads to a increase in the effective conjugation length.20
Substituents can change the energetic position of the HOMO or LUMO level, due 
to mesomeric or inductive effects. Electron donating groups raise the energetic position 
of the HOMO. Electron withdrawing groups lower the energetic position of the LUMO. 
It has been found from molecular orbital calculations, that the hybridization of the energy 
levels of the donor (D) and the acceptor (A) moieties reduces the band gap energy in a D-
A systems.
 
21 An unusually low energy gap can be attained when the HOMO levels of the 
donor and the LUMO levels of the acceptor moiety are remain as close in energy in 
conjugation chain as shown in Figure 1.4. Thus, reduction in band gap is possible by 
enhancing the strength of donor and acceptor moieties via strong orbital interactions.  
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In addition, conjugated molecules show lower band gap in solid phase compared 
to the solution phase, due to an increased interaction between the chains. Furthermore, 
mesoscopically ordered phases of conjugated polymers could occur, which show a 
significant decrease of the bandgap as compared to the disordered phases. As example, 
regioregularly substituted poly-3-alkylthiophene show, in general, a lower band gap 
compared to their regiorandom counterparts. 
Commonly employed electron-donating moieties (Figure 1.4) are lone pair 









Figure 1.5. Donor (D) and Acceptor (A) hybridization in a D-A system. 
 
pyrrole with various substitution patterns, which often represent the best choice since 
these are electron rich subunits that allow numerous chemical transformations. The most  
widely used electron withdrawing moieties are sp2 hybridized heteroatom containing 
aromatic units such as quinoxalines, pyrazines and thiadiazoles, in addition cyano and 
nitro groups also reduced band gap when they are attached to conjugated units. Using 
combinations of these donor and acceptor groups, a variety of low band gap 
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chromophores or dye have been synthesized.22
functional group
 Thus, molecular engineering (e.g. 
changing the length and  of polymers) can change the energy gap, which 
allows chemical change in these materials to generate variety of organic materials for 
device applications. 
 
1.1.2.3. Molecular structure and solubility: 
The solubility of organic semiconducting materials is a particularly important 
consideration when evaluating candidates for use in low-cost electronic devices 
comprised of organic thin film, since the desired processing of these materials includes 
solution-based methods such as drop casting, spin coating,23 stamping, or inkjet 
printing.24
 
 These methods have the advantage of being conducted at ambient 
temperatures, allowing for the use of a great variety of substrates such as plastic or fabric, 
and they are also amenable to large-area or continuous applications. However, highly 
conjugated organic materials are notoriously difficult to manipulate due to their low 
solubility. Therefore, our focus is to design next generation of organic semiconductors by 
using strategically placed substituent and functional group in organic molecules which 
adopt easy solution processing way. Generally flat molecules have a strong tendency to 
stick together due to π-π interaction and form clusters in many solvents. Bulky side 
chains can separate these molecules to surround the individual molecules i.e. dissolve 
them. At the same time the insulating alkyl chain decrease the charge mobility of the 
semiconductor. Typically smaller molecules are more soluble and have lower sublimation 
temperatures but macromolecules give better films upon spincoating. 
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1.1.3. Organic Solar cell: 
Understanding the physical properties and the charge generation mechanism of 
the organic semiconductor, different models of organic based solar cell have been 
developed. Inorganic-organic hybrid solar cell,25 pure organic material based plastic solar 
cell,26 dye sensitized solar cell6 are the common models. Each model has its own merits 
and demerits and also has different working principle. The basic principle of the organic 
solar cell is different from that of inorganic solar cell. In inorganic semiconductor, 
photoexcitation generates free charge carrier as electron and hole, whereas in organic 
semiconductor an exciton is generated by photoexcitation. The built-in electric potential 
of inorganic devices drives the separation and flow of holes and electrons. In contrast, in 
organic heterojunction devices, excitons dissociate at interfaces.27
 
 So, the hole is 
generated in one phase (the donor phase) and the electron is generated in the other phase 
(acceptor phase). The photo-induced chemical potential drives them in opposite direction. 
Organic polymer, small molecule, or inorganic–organic hybrid which absorbs light is 
sandwiched between two electrodes with different work function. The working process in 
organic solar cell is sketched in the Figure 1.6, which consist of four main steps: (1) 
Photon absorption by organic materials generates exciton (part A); (2) The exciton 
diffused to the interface (part B); (3) exciton dissociates into free charge carriers at the 
interface (part C); (4) Charges transport through p-type and n-type materials separately to 






Figure 1.6. Schematic diagram of basic principle of a photovoltaic cell (A) photon 
absorption and exciton generation; (B) exciton diffusion to the interface; (C) Exciton 
dissociation to free carriers; (D) charge transportation to corresponding electrode. 
 
Irrespective of the models, the photon absorbing organic part should absorb light 
in a wide range of solar spectrum. Ideally it should absorb in the near infrared (IR) or IR 
region of the spectrum because most of the photon flux of sunlight is located in this 
region. In addition, the material should have high absorption coefficient so thin film or 
little amount of the material can absorb sufficient light to generate large number of 
excitons. It is also important that the material should be thermally and photochemically 
stable for long time application. For high power conversion efficiency, exciton 
recombination should be suppressed. Excitons may recombine non-radiatively (by 
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internal conversion) with the energy released as heat, or more likely in a highly 
fluorescent material, radiatively by emitting a photon. These charge carriers have to be 
conducted to the electrodes separately through a hole conducting and an electron 
conducting materials to generate current. 
 
1.1.3.1. Device performance: 
To evaluate the performance of a solar cell different type of parameter scales are 
used, most important parameters are described below. A typical current-voltage curve 
under illumination is displayed in Figure 1.7.(a). In dark the cell behaves like diodic, 
which passes through origin in Figure 1.7.(b) 
Power Conversion Efficiency (PCE or ηe
The performance of a solar cell is described more precisely by power conversion 
efficiency which is the ratio of power output to power input. In other words, PCE 
measures the amount of power produced by a solar cell relative to the power available in 
the incident solar radiation (P
) – 
in). Pin is the sum over all wavelengths and is generally 






 when solar simulators are used. This is the most general way to 





 is the Open-Circuit Voltage, the maximum possible voltage across a 





Figure 1.7. Typical current-voltage characteristics spectra of a solar cell device (a) under 
illumination; and (b) under dark. 
 
Short-Circuit Current density (Jsc) – This is the current that flows through an 
illuminated solar cell when there is no external resistance (i.e., when the electrodes are 
simply connected or short-circuited).The short-circuit current is the maximum current 




Maximum Power Point (MPP): The point (Jmpp, Vmpp
Fill Factor (FF), the ratio of a photovoltaic cell’s actual maximum power output to its 
theoretical power output if both current and voltage were at their maxima, J
) on the J–V curve (Figure 1.7.a) 
where the maximum power is produced. Power (P) is the product of current and voltage 
(P = J × V) and is illustrated in the figure as the area of the rectangle formed between a 
point on the J–V curve and the axes. The maximum power point is the point on the J–V 
curve where the area of the resulting rectangle is largest. 
sc and Voc, 
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respectively. This is a key quantity used to measure cell performance. It is a measure of 









Incident photon to electron conversion efficiency (IPCE): 
IPCE is the ratio of the number of charge carriers collected by the solar cell to the 
number of photons of a given energy shining on the solar cell. IPCE therefore relates to 
the response of a solar cell to the various wavelengths in the spectrum of light shining on 
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Three different kinds of organic materials have been developed and reported in 
this thesis for three models of organic solar cell. The basic structure, working principle 
and requirements of the models are described briefly as follows: 
 
1.1.3.2. Bulk Heterojunction: 
The diffusion length of exciton in organic electronic materials is low and typically 
on the order of 10 nm.28 The layer thickness should also be in the same range as the 
diffusion length to maximize charge collection. But, typically an organic layer needs a 
thickness of at least 100 nm to absorb enough light. At such a large thickness, only a 
small fraction of the excitons can reach the heterojunction interface. This limitation is 
partially circumvented by intimately mixing the p- and n-type materials in bulk 
heterojunction solar cells creating junctions throughout the bulk of the material and 
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ensuring quantitavely charge generation from photogenerated excitons. Bulk 
heterojunction more efficiently dissociates exciton into charge at the interface before they 
recombine than bilayer junction or monolayer cell. Figure 1.8a illustrates working 
principle of the BHJ. Here photon harvesting organic chromophore (polymer or small 
molecule) which has hole conducting property is blended with electron accepting n-type 
materials forming a heterogeneous interface (Figure 1.8b). This active layer is 
sandwiched between two different electrodes with different work function. One of the 
electrodes must be (semi-) transparent, often indium–tin-oxide (ITO), but a thin metal 
layer can also be used. The other electrode is very often aluminium (calcium, magnesium, 
gold and others are also used). Upon photoexcitation, exciton is created in either phase 
(mainly at donor phase) of the active material in the first step. After that the exciton 
diffused to the interface of the donor and acceptor material and split into hole and 
electron. For efficient charge separation, the HOMO and LUMO energy levels of p-type 
(Donor) and n-type (Acceptor) materials should be well matched. The theoretical open 
circuit voltage (Voc) is the difference between LUMO level energy of acceptor and 
HOMO level of donor.29 Polythiophene (P3HT) is used as most common p-type 
chromophore materials where as phenyl-C61 (PCBM) is used as 
n-type material in BHJ and the efficiency can achieve in excess of 5%. Polyflourene and 
benzothiadazole -based copolymer as donor resulted highest power conversion efficiency 
over 5%.
-butyric acid methyl ester 
30 Using low band gap copolymers as donor and PC71
 
BM acceptor a high 
















Figure 1.8. Schematic representation of working principle (a) and structure (b) in bulk 
heterojunction device. (Picture is modified on the basis of reference 31
 
). 
Instead of p-type polymer component, a series of small molecular chromophore 
have been synthesized and attempted in BHJ in next chapter. The main disadvantage of 
the BHJ cell is the low mobility of the charge carrier through p-type and n-type materials 
and the unconnected island of donor and acceptor phase which has no influence on the 
efficiency. 
1.1.3.3. Dye Sensitized Solar Cell: 
The problem of low mobility and unconnected island in BHJ is overcome by 
adsorbing a monolayer of photochromator onto inorganic semiconductor and using redox 
electrolyte in dye sensitized solar cell (DSSC).6 The dissociation of exciton at the 
(b) 
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organic-inorganic interface minimizes charge recombination. Here highly conducting 
inorganic semiconductor and redox shuttle transport charges (electron and hole 
respectively) rapidly. A schematic presentation of the operating principles of the DSSC is 
given in Figure 1.9 and 1.10. At the heart of the system, a mesoporous oxide layer which 
is composed of nanometer-sized particles functions as the electron transport layer and is 
deposited on fluorine doped indium oxide transparent electrode. The most efficient oxide 
employed to create interface with donor dye is TiO2 (anatase), although alternative wide 
band gap oxides such as ZnO,32 and Nb2O5 33 have also been investigated. A monolayer 
of the photon absorbing dye is attached to the surface of the nanocrystalline film. 
Photoexcitation of the dyes results an injection of an electron into the conduction band of 
the oxide. The original state of the dye is subsequently restored by electron donation from 
the electrolyte, usually an organic solvent containing redox system, such as the 
iodide/triiodide couple. The regeneration of the sensitizer by iodide intercepts the 
recapture of the conduction band electron by the oxidized dye. The iodide is regenerated 
in turn by the reduction of triiodide at the Pt coated counter electrode. The circuit is 
completed via electron migration through the external circuit. The voltage generated 
under illumination corresponds to the difference between the Fermi level of the TiO2 and 
the redox potential of the electrolyte. Overall the device generates electric power from 
light without suffering any permanent chemical transformation. The performance of 
DSSCs are moderately good (~11%), the drawbacks which limit its widespread 
applications include the volatility and unstable nature of the liquid electrolyte. The most 
important component of DSSC is the photon absorbing dye and an efficient dye should 
have low lying HOMO level at the same time band gap energy should be low enough to 
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absorb in the Near-IR regions of the solar spectrum. The most widely used dye for 
DSSCs are ruthenium based dye with carboxylic acid groups which bind with oxide layer 
tightly.7
 
 Recently donor spacer acceptor (D-π-A) type metal-free pure organic dye gives 
attractive performance with liquid electrolyte. The design of metal free organic dyes for 
application in DSSC is extensively studied in chapter 3. 
Figure 1.9. Schematic representation of working principle of DSSC. (Modified on the 







Figure 1.10. Cross-section of assembled dye sensitized solar cell showing sealing.  
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1.1.3.4. Solid State Dye Sensitized Solar Cell: 
Though DSSC solar is highly efficient, the sealing problem of liquid electrolyte 
limits its extensive application. A new concept of solid state electrolyte has been 
developed to replace volatile liquid electrolyte for the dye regeneration process in DSSC. 
The schematic model of solid state dye sensitized solar cell without sealing is shown in 
the Figure 1.11. The solid state electrolyte material of choice could be a p-type inorganic 
semiconductor,35 p-type organic small molecule36, 37 or polymer38 or can be ionic 
polymer. 39 Since the sensitizing dye is distributed in a monolayer at an interface in the 
form of immobilized molecular species, it does not act as a conductor. For efficient 
charge separation and charge transport to the electrode each molecule must be in intimate 
contact with both conducting phases. The photo-excited chemisorbed molecules inject 
electrons to the conduction band of TiO2 through strong bond between carboxyl groups 
and oxide, which conduct electron to the anode. In case of liquid electrolyte, it penetrates 
into the porosity of the TiO2 phase, thereby making an intimate contact with the charged 
dye molecule. The solid state electrolyte needs to be close contact with charged dye for 
effective dye regeneration. The solid state electrolyte transport materials are deposited by 
spin coating or drop casting on top of the photoanode to fill the porous part in order to 
achieve the necessary intimate contact. A new class of solid state conductor has been 
designed, employed successfully in SDSCs as described elaborately in chapter 4. It has 
been concluded that the following aspects are essential for any solid state electrolyte in a 
DSSC. (1) It must be able to transfer holes from the sensitizing dye after the dye injects 
electrons into the TiO2; that is, the upper edge of the valence band (HOMO) of p-type 
semiconductors must be located above the ground state level of the dye; (2) The 
 22 
electrolyte must interface with the porous nanocrystalline layer such that holes can be 








Figure 1.11. Schematic representation of solid state dye sensitized solar cell indicating 
no sealing is required. 
 
(3) A method must be available for depositing the p-type semiconductors without 
dissolving or degrading the monolayer of dye on TiO2
 
 nanocrystallites; (4) It must be 
transparent in the visible spectrum, or, if it absorbs light, it must be as efficient in 
electron injection as the dye. 
1.2. Introduction to graphene based materials for optical application: 
Since the discovery of graphene in 2004,40 it has attracted tremendous attention 
for its fascinating properties like, the quantum hall effect,41 high mechanical 
stiffness,42an ambipolar electric behavior,43, 44 along with ballistic conduction of charge 
carriers,45 optical limiting properties.46 It is a two dimensional material, composed of 
layers of carbon atoms forming six-membered rings. It has a wide open double-sided 
surface that can undergo a broad class of organic reactions47 analogous to unsaturated 
systems in organic molecules. Its unique structural and electronic properties allow it to be 
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applied in broad fields such as biosensor,48 field effect transistor,49 organic 
photovoltaic,50 transparent electrode,51 super capacitors,52 optical device53 etc. 
Challenges in the large scale processing of graphene limit its widespread applications. 
Mechanical exfoliation from graphite by scotch tape method,54 epitaxial growth,55 
chemical exfoliation after oxidation of graphite,56 by intercalator assisted sonication 
induced,57 solvent assisted sonication induced exfoliation58 are the common techniques 
for production of single or multilayer graphene sheets. Moreover solubility of graphene is 
very low in both organic and aqueous solvents, which limit its further processing and 
applications. Individual graphene sheets have a tendency to aggregate due to π-π 
stacking. Additionally, graphene is a zero band gap material therefore covalent59 or non-
covalent60
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Small molecule for bulk heterojunction solar cell 
 
2.1. Introduction: 
Over the last decade, there are intensive research efforts directed at improving the 
performance of organic solar cell performance. Conversion efficiencies of 1% to 6% can 
be achieved using vacuum-deposited small molecules in bilayer heterojunction1 or from 
spin-coated polymers2 in bulk heterojunction. These efficiencies are still too low to 
compete with inorganic solar cell. The investigations have progressively established that 
only a few polymers like P3HT and low band gap donor-acceptor (D-A) type copolymers 
have potential to give higher efficiency due to their broad optical window, good 
morphology in film and high charge-transport properties. P3HT poses several problems 
in terms of control of their structure, molecular weight, polydispersity and purification, in 
addition to their intrinsic electronic properties (e.g. high HOMO level), which limit the 
maximum conversion efficiency. Therefore, an alternative approach to develop soluble, 
easy film forming conjugated single molecules as donor materials in BHJ cells has drawn 
great attention in recent years. In fact, soluble molecular donors present specific 
advantages in terms of structural definition, synthesis, purity and device processing. In 
addition, a higher open circuit voltage (Voc) can be obtained using low lying HOMO of 
the donor molecule. The high molar extinction coefficients of these small molecular dyes 
allow the thickness of the active layer to be decreased, and thus minimized problems 
associated with charge transport and series resistance. The first breakthrough in 
photocurrent generation was achieved in 1986 using small molecule.3 In this report, 
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bilayer of copper phthalocyanine (CuPc) donor and a perylene pigment acceptor is 
sandwiched between the ITO and Ag electrodes and gave a power conversion efficiency 
of 0.95% under simulated AM2 white light at 75 mW cm-2, which was considered high at 
that time. After that several reports have been published, where molecular donor was 
evaporated to deposit film in a bilayer heterojunction and conversion efficiency up to 5% 
was obtained.4 The donor groups were based on triphenyl amine and thiophene.1 The first 
reports on solution processed small molecular BHJ based on tetrahedral thiophene 
configuration were published by Roncali et al.5 Triphenyl amine, a propeller like 
geometry, a good hole conductor also was used as a core of small molecules by the same 
group. The molecules were employed by spin coating to make bilayer junction with C60.6 
After that, D-A type small molecules with broader absorption spectrum were employed 
as a donor in BHJ. Recently a PCE of 1.17% was obtained from a solution-processed 
BHJ using an anthracene core donor and C61-PCBM acceptor.7 In addition, a small 
molecule PV cell based on the blend of a benzothiadiazole derivative and C61-PCBM 
showed a PCE of 2.4% in the annealed device.8 A high PCE of 3.0% has very recently 
been demonstrated based on an oligothiophene-diketopyrrolepyrrole and C71-PCBM 
blend.9
 
 To achieve a high efficiency heterojunction PV cell, it is fundamentally important 
to develop new p-type π-conjugated small molecules which possess a narrow energy 
bandgap to harvest more solar radiation and high charge carrier mobility for the transport 





In order to superimpose the absorption spectrum of the molecule with maximum 
photon flux of the solar light, a large part of the synthetic chemistry is presently focused 
on the synthesis of low band gap π-conjugated donors for solar cell. The maximum 
photon of sunlight is located at near infrared region of 600-800 nm, which correspond to 











Figure 2.1. Band gap energy tuning by changing HOMO and LUMO energy level to 
attain high Voc. (Modified on the basis of the reference 10
 
) 
established and discussed in introduction part in chapter 1. The synthetic strategies that 
involve a simultaneous decrease of the LUMO level and increase of the HOMO have 
deleterious consequences for the voltage of solar cells, since this latter parameter depends 
on the difference between the LUMO of the acceptor and the HOMO of the donor. As 
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shown in Figure 2.1A, the design should be in such way that decrease of the HOMO-
LUMO gap (Eg) does not involve any increase of the HOMO level. In fact, an ideal 
situation would consist in a decrease of both the HOMO and LUMO levels, with a faster 
decrease of the latter (Figure 2.1B). So, the reduction of Eg
To investigate the structural property relationship of molecular donor in BHJ, we 
have synthesized six photochromatic small molecules based on phenothiazine (PTZ-dye 
1, PTZ-dye 2, and PTZ-dye 3), fluorene (FLR-dye), o-alkyl phenyl ethynyl (OPE-dye), 
carbazole (CBZ-dye) donor (D). Additionally, highly conductive conjugated thiophene 
was used as conjugated spacer (π), and strong electron withdrawing dicyanovinyl group 
was used as acceptor (A) in different structural arrangement as shown in the Figure 2.2. 
The HOMO levels of the dyes were varied according to the strength of the donor moiety. 
Physical properties of the dyes were evaluated by UV-visible, fluorescence spectroscopy, 
cyclic voltammetry, DSC and TGA experiments. PTZ-dyes were employed successfully 
as p-type chromophore in solution processed BHJ solar cell using PCBM as acceptor 
material. But due to the bad film forming ability of CBZ-dye, FLR-dye and OPE dye 
have not been tested for photovoltaic effect. PTZ dyes performances as p-type donor 
material are comparable with the other small molecular BHJ which published recently. 
With electron-rich sulfur and nitrogen heteroatoms, phenothiazine-based polymers 
behave good electron-donor and hole transporting materials, and only two reports 
mentioned their photovoltaic performance.
 accompany with increase of 
the cell voltage. At the same time the donor part will be chemically stable against 
oxygen. 
11 The nonplanar phenothiazine ring with 
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bithiophene spacer and dicyanovinyl acceptor-based small molecules present interesting 
photophysics, and electrochemistry and thus motivated this study. Here the non planer 
butterfly configuration of the phenothiazine helps to form a good film for solar cell panel. 
 
Figure 2.2. Structure of the small molecular dyes based on different donor moiety 
Phenothiazine (PTZ-dye 1, PTZ-dye 2, PTZ-dye 3), Fluorene (FLR-dye), Carbazole 
(CBZ-dye), O-alkyl phenyl ethynyl (OPE-dye). 
 
2.2. Experimental: 
2.2.1. Materials and characterization: 
All the chemicals were purchased from Sigma–Aldrich and used without further 
purification. Tetrahydrofuran (THF) was distilled from sodium and benzophenon. 





































































carried out using Schlenk techniques in an argon or nitrogen atmosphere with anhydrous 
solvents. 1H and 13C NMR data were performed on a Bruker DPX 400 MHz spectrometer 
with chemical shifts referenced to residual CHCl3 and H2O in CDCl3. Matrix assisted 
laser desorption/ionization time-of-flight (MALDI-Tof) mass spectra were obtained from 
a Bruker Autoflex Tof instrument using dithranol as a matrix. UV-vis. spectra were 
recorded on a Shimadzu UV-3101 PC spectrophotometer at room temperature. 
Photoluminescence (PL) spectra were measured on a Shimadzu RF-5301 PC 
spectrophotometer at room temperature. Cyclic voltammetry experiments were 
performed using an Autolab potentiostat (model PGSTAT30) by Echochimie. All cyclic 
voltametric measurements were recorded in dichloromethane with 0.1 M 
tetrabutylammonium hexafluorophosphate as supporting electrolyte (scan rate of 100 mV 
s-1). The experiments were performed at room temperature with a conventional three-
electrode configuration consisting of a platinum disc working electrode, a gold rod as 
counter electrode, and an Ag/AgCl in 3 M KCl reference electrode. Differential scanning 
calorimetry (DSC) was carried out under nitrogen on a TA Instrument (DSC Q100, 
scanning rate of 5 °C min-1). Thermal gravimetric analysis (TGA) was carried out using a 
TA Instrument (TGA Q500, heating rate of 10 °C min-1
2.2.2. Synthesis of small molecular dyes: 
) under nitrogen atmosphere. 
Synthesis procedures consist of several classical coupling reactions. Bithiophene 
spacer was attached to the donor units by Suzuki coupling (for PTZ dye 2, FLR-dye and 
CBZ-dye), or Heck coupling (for PTZ-dye 1), or Shonogashira coupling (for OPE-dye) or 
Stille coupling (PTZ-dye 3) using 5-(5-iodothiophene-yl)thiophene-2-carbaldehyde or 5-
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(5-bromothiophene-yl)thiophene-2-carbaldehyde as precursor. Dicyanovinyl group was 
introduced to each dye by Knoevenagel condensation reaction. Boronate functionality of 
donor moieties for Suzuki coupling was synthesized using n-Butyllithium and boronate-
ester from corresponding dibromo compound. The synthetic procedures were described 
in the following sections. The structures of the each molecule were confirmed by Maldi-
Tof mass spectra and extensive NMR spectral study. NMR spectra and mass spectra of 





































































Synthesis of PTZ-dye 2: 
10-Dodecylphenothiazine (2.1): 
Phenothiazine (6.0 g, 30.1 mmol) and sodium hydroxide (2.4 g, 60 mmol) were 
dissolved in 100 mL dimethylsulfoxide (DMSO) and stirred for 30 min at room 
temperature. 1-Bromododecane (15 g, 14.3 mL, 60.2 mmol) was then injected into the 
reaction mixture. After that the reaction mixture was stirred for 24 h at room temperature. 
DMSO was removed by vacuum distillation. The reaction mixture was extracted using 
dichloromethane and water. The organic layer was separated and dried over anhydrous 
sodium sulfate. The crude product was purified by silica gel column chromatography 
using hexane as eluent solvent. The titled product was obtained as light yellow oil with a 
yield of 78% (8.6 g). 
1H NMR (400 MHz, CDCl3): δ (ppm) 7.16-7.12 (m, 4H). 6.92–6.86 (m, 4H), 3.83 (t, J = 
7.2 Hz, 2H), 1.80 (tt, J = 7.2 Hz, J = 7.6 Hz, 2H), 1.44–1.24 (m, 18H), 0.88 (t, J = 6.8 Hz, 
3H). 
13C NMR (100 MHz, CDCl3
MS (MALDI-Tof, m/z): Calcd. for C
): δ (ppm) 14.57, 23.13, 27.35, 27.39, 29.69, 29.79, 29.92, 
29.98, 30.02, 30.07, 32.36, 47.84, 115.79, 122.70, 125.34, 127.56, 127.83, 145.76. 
24H33
3,7-Dibromo-10-dodecylphenothiazine(2.2): 
NS: 367.233; found 367.262. 
To the solution of 10-dodecylphenothiazine (5 g, 13.6 mmol) in 40 mL of 
dichloromethane, bromine (4.8 g, 30 mmol) was slowly added using a dropping funnel. 
After stirring at room temperature for 4 h, the reaction was terminated by adding dilute 
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aqueous sodium hydroxide and allowed to stand for 30 min. The reaction mixture was 
extracted three times using dichloromethane and brine. The organic layer was separated 
and concentrated. The crude product was purified using column chromatography using 
hexane as the eluent. The titled yellow oil product was obtained with a yield of 50% (3.57 
g). 
1H NMR (400 MHz, CDCl3
MS (MALDI-Tof, m/z): Calcd. for C
): δ (ppm) 7.25–7.22 (m, 4H). 6.68 (d, J = 8.4 Hz, 2H), 3.75 





NS: 525.054; found 525.139. 
To a solution of 2.2 (3.5 g, 6.66 mmol) in THF (150 mL) at -78 °C, n-butyllithium 
(7.3 mL, 14.6 mmol, 2M solution in hexane) was added dropwise. After stirring the 
mixture solution at -78 °C for 2 h, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 
(3.71 g, 4.1 mL, 19.98 mmol) was added. The resulting solution was stirred at -78 °C for 
1 h and then warmed up to room temperature and further stirred for 24 h. Water (50 mL) 
was added and the mixture was extracted with ethyl acetate (3×50 mL). The collected 
organic layers were dried over anhydrous Na2SO4, and then the solvent was removed by 
rotary evaporation. The residue was subjected to silica gel column chromatography 
separation with hexane / ethyl acetate (10:1, v/v) as eluent. The final product was 
obtained by recrystallization from hexane as a grey solid (2.68 g, 65%).  
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1H NMR (400 MHz, CDCl3
MS (MALDI-Tof, m/z): Calcd. for C
): δ (ppm) 7.54 (d, J = 8 Hz, 2H), 7.51 (d, J = 0.8 Hz, 2H ), 
6.79 (d, J = 8 Hz, 2H), 3.83 (t, J = 7.2 Hz, 2H), 1.76 (m, 2H), 1.41–1.23 (br, 42H), 0.88 
(t, J = 6.8 Hz, 3H).  
36H55B2NO4
5- (5-iodothiophene-yl)thiophene-2-carbaldehyde(2.4):  
S, 619.403; found, 619.339. 
To a solution of 2,2'-bithiophene-5-carboxaldehyde (2 g, 10.3 mmol) in toluene 
(20 mL) at 0 °C was added, in small portions, mercury(II)oxide (2.2 g, 10.3 mmol, 
yellow crystals) and iodine (2.9 g, 11.3 mmol) over 40 min. The mixture was stirred at 
room temperature for 8 h, and the orange precipitate was filtered off and washed with 
ethyl acetate. The filtrate and washings were combined and washed with aqueous sodium 
thiosulfate and dried over sodium sulfate. Solvent was removed by rotary evaporation 
and the solid residue was recrystallized from ethanol (yield = 2.37 g, 72%).  
1H NMR (400 MHz, CDCl3
MS (MALDI-Tof, m/z): Calcd. for C
): δ (ppm) 9.87 (s, 1H). 7.65 (d, J = 4 Hz, 1H), 7.22 (d, J = 
3.6 Hz, 1H), 7.19 (d, J = 3.6 Hz, 1H), 7.02 (d, J = 4 Hz, 1H). 
9H5IOS2
PTZ-2(BT-CHO): 
, 319.882; found, 320.212. 
2M K2CO3(aq) (10 mL) was added to a solution of 5-(5-iodothiophene-yl) 
thiophene-2-carbaldehyde (2.4); (682 mg, 2.1 mmol), Pd(PPh3)4 (123 mg, 0.1 mmol), 
and 10-dodecyl-3,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-10H-phenothiazine 
(2.3), (600 mg, 0.97 mmol) in toluene (15 mL) solvent. The solution was refluxed with 
40 
 
vigorous stirring for 24 h under nitrogen atmosphere. The mixture was poured into water 
and extracted with dichloromethane. The organic extracts were washed with brine and 
dried over Na2SO4. The solvent was removed by rotary evaporation, and the residue was 
purified by column chromatography (silica gel, dichlorometane/hexane = 3/2, v/v) to 
provide 444 mg (61%) of the product. 
1H NMR (400 MHz, CDCl3
MS (MALDI-Tof, m/z): Calcd for C
), δ (ppm) 9.86 (s, 2H), 7.67 (d, J = 3.6 Hz, 2H), 7.38 (dd, J 
= 2 Hz, 2H), 7.35 (d, J = 2 Hz, 2H), 7.31 (d, J = 3.6 Hz, 2H), 7.24 (d, J = 4.4 Hz, 2H), 
7.16 (d, J = 4 Hz, 2H), 6.86 (d, J = 8.4 Hz, 2H), 3.87 ( t, 2H), 1.83 ( m, 2H), 1.45-1.24 
(m, 18H), 0.87 (t, 3H). 
42H41NO2S5
PTZ-dye 2: 
, 751.174; found, 751.129. 
Triethylamine (0.2 mL) was added to a solution of malononitrile (66 mg, 1 mmol) 
and PTZ-2(BT-CHO) (300 mg, 0.4 mmol) in chloroform (10 mL). The solution was 
heated to reflux for 1 h, then cooled, and dried over sodium sulfate. After which it was 
filtered and finally the solvent removed in vacuum. The resulting black solid was 
recrystallized from ethanol to give 290 mg of crystal (yield = 85%). 
1H NMR (400 MHz, CD2Cl2
MS (MALDI-Tof, m/z): Calcd for C
), δ (ppm): 7.87 (s, 2H), 7.66 (d, J = 4.4 Hz, 2H), 7.45-7.43 
(m, 4H), 7.39 (d, J = 2 Hz, 2H), 7.32 (d, J = 4.4 Hz, 2H), 7.26 (d, J = 4 Hz, 2H), 6.91 (d, 
J = 8.4 Hz, 2H), 3.89 (t, 2H), 1.83 ( m, 2H), 1.47-1.26 (m, 18H), 0.88 (t, 3H). 














































Scheme 2.2. Synthetic route of PTZ-dye 1 and PTZ-dye 3. 
PTZ-dye 3: 
PTZ-dye 3 was synthesized by Knoevenagel condensation between aldehyde 
compound 2.6 (compound 8 in the reference12) and malononitrile. 
1H NMR (400 MHz, CD2Cl2
MS (MALDI-Tof, m/z): Calcd for C
) δ (ppm): 7.75 (s, 1H), 7.62 (d, J = 3.6 Hz, 1H), 7.42-7.30 
(m, 8H), 7.21-713 (m, 6H), 6.94-6.81 (m, 8H), 3.78 (m, 4H), 1.96 (m, 2H), 1.46-1.29 (m, 
16H), 0.96-0.87 (m, 12H). 
60H58N4S5
PTZ-dye 1: 
, 994.3265; found, 994.496. 
Similarly, PTZ dye 1 was also synthesized by Knoevenagel condensation between 
aldehyde compound 2.5 (compound 5 in the reference 11) and malononitrile. 
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1H NMR (400 MHz, CD2Cl2
MS (MALDI-Tof, m/z): Calcd for C
) δ (ppm) 7.79 (s, 1H), 7.65 (d, J = 4 Hz, 1H), 7.38 (d, J = 4 
Hz, 1H), 7.31-7.28 (m, 3H), 7.21-7.15 ( m, 2H), 7.10 (d, J = 16 Hz, 1H), 7.05 (d, J = 4 




















































2,7-Dibromofluorene (10 g, 30.9 mmol) was added to a mixture of aqueous 
sodium hydroxide (55.9 g in 56 mL H2O), tetrabutylammonium bromide (2 g, 5.63 
mmol, 0.2 equiv), and 1-bromooctane (32.10 mL, 185 mmol, 6 equiv) at 80 °C. After 
stirring for 5 h, the mixture was cooled down to room temperature. After extraction with 
dichloromethane, the combined organic layers were washed with water, aqueous HCl, 
water, brine, and then dried over anhydrous Na2SO4. After removal of the solvent and the 
excess 1-bromooctane, the residue was purified by silica gel column using hexane as the 




, 400 MHz): δ (ppm) 7.51 (d, J = 8.6 Hz, 2H), 7.45 (d, J = 1.6 Hz, 2H), 
7.43 (s, 2H), 1.90 (m, 4H), 1.26-1.06 (m, 20H), 0.82 (t, 6H), 0.57 (m, broad, 4H). 
n-Butyllithium (2.5 M in hexane; 2.4 mL, 6.0 mmol) was added slowly over 30 
min to a stirred solution of 2,7-dibromo-9,9-dioctyl-9H-fluorene (1.5 g, 2.7 mmol) in dry 
tetrahydrofuran (70 mL) at -78 °C. The mixture was stirred for 2 h at the same 
temperature before 2-isopropoxy-4,4’,5,5’-tetramethyl-1,3,2-dioxaborolane (2.0 mL, 9.8 
mmol) was added. The mixture was allowed to warm up slowly to room temperature 
while stirring for overnight. The reaction was quenched with water (10 mL) and the 
solvent was evaporated under reduced pressure. The residue was dissolved in 
dichloromethane (50 mL) and water (20 mL) and the aqueous phase was extracted with 
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dichloromethane (2×20 mL). The combined organic phases were dried over sodium 
sulfate and evaporated under reduced pressure. The crude product was purified by 
silicagel column chromatography (hexane : dichloromethane = 3:7 v/v) and recrystallised 
from acetone to give the titled compound as white crystals (yield = 1.16 g, 67%). 
1H NMR (CDCl3
FL-2(BT–CHO): 
, 400 MHz): δ (ppm) 7.80 (d, J = 7.6 Hz, 2H), 7.74 (s, 2H), 7.71 (d, J = 
7.2 Hz, 2H), 1.98 (m, 4H), 1.38 (s, 12H), 1.18-1.00 (m, 20H), 0.80 (t, 6H), 0.55 (m, br, 
4H). 
A mixture of 4,4,5,5-tetramethyl-2-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)-9,9-dioctyl-9H-fluoren-7-yl)-1,3,2-dioxaborolane (0.82 g, 1.27 mmol), 2.4 (1.02 g, 
3.2 mmol), TBAB (0.15 g), Pd(PPh3)4 (183 mg, 0.15 mmol), toluene (20 mL), and 2.0 M 
K2CO3 aqueous solution (15 mL) was refluxed overnight at 90 °C. After the solution was 
cooled down to room temperature, water (10 mL) was added to the reaction mixture. The 
organic layer was separated after dilution with dichloromethane, washed with water and 
dried over Na2SO4. After solvent evaporation, the residue was purified by column 
chromatography. 630 mg (yield = 64%) of orange solid was obtained after 
recrystallization. 
1H NMR (CDCl3, 400 MHz): δ (ppm) 9.87 (s, 2H), 7.74 (d, J = 4 Hz, 2H), 7.71 (d, J = 
8.4 Hz, 2H), 7.61 (d, J = 7.6 Hz, 2H), 7.51 (s, 2H), 7.37 (d, J = 3.6 Hz, 2H), 7.35 (d, J = 
3.6 Hz, 2H), 7.29 (d, J = 3.6 Hz, 2H), 2.04 (m, 4H), 1.18-1.07 (m, 20H), 0.77 (t, 6H), 
0.68 (br, 4H). 
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MS (MALDI-Tof, m/z): Calcd for C47H50O2S4
FLR-dye: 
, 774.269; found, 774.253. 
FL-2(BT-CHO) (500 mg, 0.64 mmol), and malononitrile (106 mg, 1.61 mmol) 
were dissolved in chloroform (20 mL) in an r.b.f. 5 drops of triethylamine were added to 
it. The reaction mixture was stirred for 30 min at room temperature. The color of the 
solution turned into deep red. The reaction was monitored by thin layer 
chromatography(TLC) which indicated the completion of the reaction. The reaction 
mixture was diluted with dichloromethane(DCM) and washed with water and brine 
solution for 3 times each. The final product was purified by silica gel column 
chromatography using a DCM and hexane mixture (1:1) solvent as eluent. After 
recrystallization 460 mg of final FLR-dye was obtained as dark red solid (yield = 84%). 
1H NMR (CDCl3
MS (MALDI-Tof, m/z): Calcd for C
, 400 MHz): δ (ppm) 7.76 (s, 2H), 7.73 (d, J = 8 Hz, 2H), 7.65 (d, J = 4 
Hz, 2H), 7.64 (d, J = 8 Hz, 2H), 7.57 (s, 2H), 7.46 (d, J = 4 Hz, 2H), 7.39 (d, J = 4 Hz, 





















Scheme 2.4. Synthetic route of O-alkyl phenylethynyl dye (OPE-dye). 
Synthesis of OPE-dye: 
1,4-dibromo-2,5-bis(dodecyloxy)benzene(2.9): 






































 (37.1 g, 
268.7 mmol) were taken in a 250 mL r.b.f and purged with nitrogen. The reactants were 
dissolved in dry DMF. The solution was warmed to 95 °C followed by added 1-
bromododecane (33.5 g, 134.4 mmol). After 12 h of stirring at 95 °C in nitrogen 
atmosphere the reaction mixture was cooled and water was added to it. DMF was 
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distilled off at low pressure. The solid product was dissolved in ethyl acetate (EA) and 
washed with water and brine solution. The organic layer was separated, dried over 
Na2SO4 and concentrated. The titled product was purified in silicagel column 
chromatography using 1% EA in hexane mixture solvent. (yield = 21.3 g, 79%) 
1H NMR (400 MHz, CDCl3
1,4-bis(dodecyloxy)-2,5-bis(2-(trimethylsilyl)ethynyl)benzene(2.10): 
): δ (ppm) 7.08 (s, 2H), 3.94 (t, 4H), 1.79 (m, 4H), 1.47 (m, 
4H), 1.33-1.26 (m, 32H), 0.89-0.86 (m, 6H). 
1,4-Dibromo-2,5-bis(dodecyloxy)benzene (2.9) (2 g, 3.3 mmol), trans-
dichlorobis(triphenylphsophine)palladium-(II) (231 mg, 0.33 mmol), CuI (63 mg, 0.33 
mmol) PPh3 
MS (MALDI-Tof, m/z): Calcd for C
(173 mg, 0.66 mmol), (trimethylsilyl)-acetylene (0.97 mg, 1.39 mL, 9.9 
mmol), triethylamine (40 mL) were mixed and purged with nitrogen in a r.b.f. 60 mL of 
dry THF was added to it and the reaction mixture was reflux at 95 °C for 12 h. The 
solution color turned brown black. The reaction mixture was cooled to room temperature. 
Water was added to it and extracted with dichloromethane. The organic layer was washed 
with brine solution. The titled compound was purified in silicagel column 
chromatography using 10% DCM in hexane as eluent solvent. (yield = 1.57 g, 75%) 
40H70O2Si2
1,4-bis(dodecyloxy)-2,5-diethynylbenzene(2.11): 
, 638.491; found, 638.381. 
NaOH (0.3 g, 7.5 mmol). was added to a solution of 1,4-bis(dodecyloxy)-2,5-
bis(2-(trimethylsilyl)ethynyl)benzene (1.4 g, 2.19 mmol) in THF (40 mL). The solution 
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was allowed to stir at 95 °C for 12 h before being poured into water. The aqueous layer 
was extracted with dichloromethane and the organic extracts were washed with brine. 
The combined organic layers were dried over Na2SO4. The solvent was removed by 
rotary evaporation. No further purification was necessary to obtain 1.08 g (yield = 99%) 
of the titled compound as a white solid. 
1H NMR (400 MHz, CDCl3
MS (MALDI-Tof, m/z): Calcd for C
): δ (ppm) 6.94 (s, 2H), 3.96 (t, 4H), 3.32 (s, 2H), 1.79 (m, 
4H), 1.46 (m, 4H), 1.33-1.26 (m, 32H), 0.89-0.86 (m, 6H). 
34H54O2
OPE-2(BT-CHO): 
, 494.412; found, 494.395. 
1,4-Bis(dodecyloxy)-2,5-diethynylbenzene (400 mg, 0.81 mmol) 5-(5-
iodothiophene-yl) thiophene-2-carbaldehyde (570 mg, 1.78 mmol, trans-
dichlorobis(triphenylphsophine)palladium-(II) (62 mg, 0.089 mmol), CuI (16.9 mg, 0.089 
mmol), PPh3 (46 mg, 0.178 mmol), triethylamine (40 mL) were mixed and purged with 
nitrogen in a r.b.f. 60 mL of dry THF was added to it and the reaction mixture was reflux 
at 95 °C for 12 h. Completion of the reaction was confirmed by TLC and reaction 
mixture was cooled to room temperature. Reaction mixture diluted with dichloromethane 
and washed with water followed by brine solution for three times. Crude product was 
loaded in silicagel column and the final product was eluted using 50% DCM in hexane 





MS (MALDI-Tof, m/z): Calcd for C
, 400 MHz): δ (ppm) 9.87 (s, 2H), 7.67 (d, J = 4 Hz, 2H), 7.27 (m, 4H), 




, 878.353; found, 878.527. 
OPE-2(BT-CHO) (400 mg, 0.45 mmol), malononitrile (75 mg, 1.13 mmol) were 
taken in a r.b.f and solubilized in chloroform by stirring with magnetic bar. Five drops of 
triethyl amine were added to it and the solution was kept for 2 h. The completion of the 
reaction was checked by TLC by seeing that there is no starting material in the solution. 
The reaction mixture was diluted with dichloromethane and washed with water and brine 
solution and dried over Na2SO4. The final product was recrystallized three times to yield 
the pure product (yield = 82%, 359 mg). 
1H NMR (CDCl3
MS (MALDI-Tof, m/z): Calcd for C
, 400 MHz): δ (ppm) 7.76 (s, 2H), 7.64 (d, J = 4.4 Hz, 2H), 7.34 (d, J = 
4 Hz, 2H), 7.28 (d, J = 4 Hz, 2H), 7.23 (d, J = 4 Hz, 2H), 6.98 (s, 2H), 4.03 (t, 4H), 1.84 
(m, 4H), 1.39-1.23 (m, 36H), 0.86 (t, 6H). 
58H62N4O2S4
 





Synthesis of CBZ-dye: 
3,6-Dibromocarbazole(2.12): 
Carbazole (15 g, 89.7 mmol) was dissolved in dimethylformamide (DMF) (150 
mL) in a 500 mL three-necked flask. After the solution was cooled to 0 °C, N-
bromosuccinimide (NBS) (31.9 g, 0.18 mol) in DMF (100 mL) was added dropwise 
through a dropping funnel. The mixture was allowed to warm to room temperature and 
stirred for an additional 2 h. The mixture was then poured into water (1 L). The white 
precipitates collected by filtration were recrystallized from ethanol to give colorless 
crystals. (yield = 21.9 g, 75%). 
1H NMR (CDCl3
3,6-Dibromo-9-hexyl carbazole (2.13):  
, 400 MHz): δ (ppm) 8.13 (d, J = 2.0 Hz, 2H), 8.09 (b, 1H), 7.52 (dd, J 
= 8.4, 2.0 Hz, 2H), 7.31 (d, J = 8.4 Hz, 2H).  
To a solution of 3,6-dibromocarbazole 2.12 (10 g, 30.7 mmol) and anhydrous 
potassium carbonate (10 g) in 40 mL DMF, 1-bromohexane (7.6 g, 46.1 mmol) was 
added. After 12 h of refluxing at 90°C, DMF was distilled off under high vacuum. The 
residue was extracted with CH2Cl2 the organic phase was washed with water and 
followed by brine solution. After drying over Na2SO4, the organic solvent was 
evaporated in rotary evaporator. The crude product was purified by column 





, 400 MHz): δ (ppm), 8.13 (d, J = 1.6 Hz, 2H), 7.54 (dd, J = 1.6, 8.4 
Hz, 2H), 7.27 (d, J = 8.4 Hz, 2H), 4.23 (t, J = 7.2 Hz, 2H), 1.82 (m, 2H), 1.35-1.26 (br, 










Scheme 2.5. Synthetic scheme of Carbazole based dye (CBZ-dye). 
9-Hexylcarbazole-3,6-bis(ethyleneboronate) (2.14): 
In an argon atmosphere, 1.3 M n-BuLi in hexane (19.8 mL, 25.7 mmol) was 
added dropwise over 15 min to a solution of 2.13 (5 g, 12.2 mmol) in dry THF (50 mL) at 










































°C, after which triisopropylboronate (9.6 g, 51.4 mmol) was added and the mixture was 
stirred at -78 °C for an additional hour. The reaction mixture was then allowed to warm 
to room temperature and stirred for 15 h. The mixture was then cooled to 0 °C and 2 N 
HCl (40 mL) added. After the mixture was stirred for 30 min, the organic layer was 
separated using ether, washed with brine three times, and finally dried over MgSO4. 
After filtration and evaporation of the solvents, a light yellow viscous liquid was 
obtained. Dissolving this liquid in THF followed by precipitation to hexane gave a white 
solid. The solid was filtered, washed with hexane three times, and dried briefly (for 30 
min) under vacuum at room temperature. The resulting compound (3,6-
bis(dihydroxyboranyl)-9-hexylcarbazole) was mixed with toluene (100 mL) and ethylene 
glycol (EG, 2.27 g, 36.6 mmol). The mixture was heated to reflux for 3 h; meanwhile, the 
water produced was removed using a Dean-Stark trap. The mixture was cooled and the 
solvent was removed. Excess ethylene glycol was removed by heating (at 130 °C) under 
vacuum. Recrystallization from hexane gave the product as colorless crystals (yield = 
2.86 g, 60%). 
1H NMR (CDCl3
MS (MALDI-Tof, m/z): Calcd for C
, 400 MHz): δ (ppm) 8.64 (s, 2H), 7.91 (d, J = 8.4 Hz, 2H), 7.41 (d, J = 
8.4 Hz, 2H), 4.42 (s, 8H), 4.31 (t, J = 3.2 Hz, 2H), 1.86 (m, 2H), 1.30-1.25 (br, 6H), 0.85 
(t, J = 6.8 Hz, 3H).  
22H27B2NO4
 





2 M K2CO3 (aq) (10 mL) was added to a solution of 5- (5-iodothiophene-yl) 
thiophene-2-carbaldehyde (983 mg, 3.07 mmol), Pd(PPh3)4 (73.8 mg, 0.064 mmol), 
tetrabutylammoniumbromide (100 mg) and 9-Hexylcarbazole-3,6-bis(ethyleneboronate) 
(2.14) (500 mg, 1.28 mmol) in toluene (15 mL) solvent. The solution was refluxed with 
vigorous stirring for 30 h under a nitrogen atmosphere. The mixture was poured into 
water and extracted with dichloromethane. The organic extracts were washed with brine 
and dried over MgSO4. The solvent was removed by rotary evaporation, and the residue 
was purified by column chromatography (silica gel, dichloromethane / hexane = 10/1) to 
provide 520 mg (yield = 64%) of the titled product.  
1HNMR (CDCl3
MS (MALDI-Tof, m/z): Calcd for C
, 400 MHz) δ (ppm) 9.87 (s, 2H), 8.36 (d, J = 1.6 Hz, 2H), 7.76 (dd, J 
=1.6 Hz, 8.4 Hz, 2H), 7.70 (d, J = 4 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H), 7.39 (d, J = 4 Hz, 
2H), 7.34 (d, J = 4 Hz, 2H), 7.29 (d, J = 4 Hz, 2H), 4.33 (t, J = 3.2 Hz, 2H), 1.90 (m, 2H), 
1.42-1.29 (br, 6H), 0.87 (t, J = 6.8 Hz, 3H). 
36H29NO2S4
CBZ-dye: 
, 635.108; found, 635.423. 
To a solution of malononitrile (66 mg, 1 mmol) and 3,6 
dialdehydebithiophenecarbazole (300 mg, 0.47 mmol) in chloroform (10 mL) 4 drops of 
triethylamine were added. The solution was heated to reflux for 2 h, then cooled, and 
dried over sodium sulfate. Then the solution was filtered and the solvent was removed in 
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vacuum evaporator. The resulting dark red solid was recrystallized from THF to give 274 
mg of crystal (yield = 80%). 
1HNMR (CDCl3
MS (MALDI-Tof, m/z): Calcd for C
, 400 MHz): δ (ppm) 8.37 (d, J = 1.6 Hz, 2H), 7.77 (dd, J = 1.6 Hz, 8.4 
Hz, 2H), 7.58 (s, 2H), 7.64 (d, J = 4 Hz, 2H), 7.47 (d, J = 4 Hz, 2H), 7.45 (d, J = 8.4 Hz, 
2H), 7.38 (d, J = 4 Hz, 2H), 7.31 (d, J = 4 Hz, 2H), 4.33 (t, J = 3.2 Hz, 2H), 1.91 (m, 2H), 
1.42-1.29 (br, 6H), 0.87 (t, J = 6.8 Hz, 3H). 
49H29N5S4
2.2.2. Solar cell device structure: 
, 731.130; found, 731.058. 
The organic solar cells were fabricated in the configuration of the traditional 
sandwich structure with Indium tin oxide (ITO) anode and Aluminium cathode as shown 
in the Figure 2.3. 160 nm thick ITO-coated glass was used as the substrate for BHJ solar 
cell. The ITO was patterned using a standard photolithography process. The ITO/glass 
substrates were cleaned in detergent (30 min), distilled water (20 min), acetone (15 min) 
and isopropanol (20 min) in an ultrasonic bath. The substrates were then baked at 80 °C 
in an oven to remove residual solvents. The dried substrates were subjected to oxygen 
plasma cleaning for 10 min prior to the spin coating of a 40 nm thick poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate) (PEDOT:PSS) on the ITO glass. 
Homogenous blend were prepared using the dyes (PTZ dye 1, PTZ-dye 2 and PTZ-dye 3) 
and C71 PCBM (1:1, w/w) mixture in dichlorobenzene solvent for overnight stirring. The 
active layer was prepared by spin coating of the blend with a spinning speed of 600 rpm 
for 1 minute on the top of the PEDOT:PSS layer in an inert gas glove box. The active 
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layer films were annealed at 120 °C for 10 min. Finally the cathode of LiF (1 nm) and Al 
(100 nm) was thermally deposited onto active layer in vacuum. The active area of a 
device was 10 mm2. Current–voltage characteristics of the solar cells in the dark and 
under illumination of 100mWcm−2
 
 white light from a xenon lamp were measured on 





Figure 2.3. Schematic view of BHJ solar cell device structure of PTZ-dyes as 
ITO/PEDOT:PSS(40 nm)/PTZ-dye:PCBM(1:1)/LiF(1 nm)/Al(100 nm). 
 
2.3. Result and discussion: 
2.3.1. Photophyscal properties: 
Photophysical properties of the synthesized dye were investigated by UV-visible 
spectroscopy. The spectra are shown in the Figure 2.4. It can be seen in Figure 2.4 that 
the dyes absorb a broad range of 400-650 nm wavelength of visible light in chloroform 
solution. PTZ-dye 1 has one donor and one acceptor moiety as a results it has a strong 
ICT band at 520 nm. In addition, there is a small band at 380 nm is due to π-π* transition. 
This band has red shifted in PTZ dye 2 due to longer conjugation length and shifted 
hyperchromically ( ε = 47000 mol/L) in PTZ-dye 3 due to two donor moieties. The 

















Figure 2.4. UV-visible spectra of small molecular dyes (a) PTZ-dyes in chloroform 
solution; (b) PTZ-dyes in film sample on glasss substrate; (c) FLR-dye, OPE-dye and 
CBZ-dye in film and in CHCl3 
 
solution. 
intramolecular charge transfer (ICT) transition band. As the absorption coefficient of 
these small molecular dyes are higher (> 30000 lit mol-1cm-1


















 PTZ-dye 1 film
 PTZ-dye 2 film
 PTZ-dye 3 film
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), it can absorb sufficient 
photon in the thin film to generate more exciton. In the solid film the absorption edge of 
the dyes red shifted due to strong π-π stacking which has been depicted in the Figure 
2.4b. The absorption edge of PTZ-dye 2 and PTZ-dye 3 shifted bathochromically up to 
750 nm in the film sample on glass substrate. PTZ-dye 1, OPE-dye and FLR-dye also 
57 
 
absorbed in longer wavelength in film sample upto 650 nm absorption edge. This 
observation has established that these two (PTZ-dye 2 and PTZ-dye 3) longer dyes have 
special configuration in the solid phase. Maximum absorption wavelengths of all the dyes 
in solution form and in the film form are tabulated in Table 2.1. From the maximum 
absorption wavelength data for all the A-π-D-π-A type structure, it can be found that the 
PTZ donor moiety is the strongest and shifted 27 nm absorption wavelength comparing to 
OPE moiety in solution. In addition, the D,D-π-A type structures are more favorable for 
ICT charge transfer band compared to the D-π-A or A-π-D-π-A type structures, because 
the former structures favor intramolecular vectorial electron flow from the donor to the 
acceptor part. 
In order to probe the excited-state interactions of PTZ-dyes and PCBM in the 
blend mixture, fluorescence spectra of the PTZ-dyes and the PTZ-dyes with PCBM 
mixture were compared in chloroform solution. PTZ-dye 1, PTZ-dye 2 and PTZ-dye 3 
solutions and their mixture with PCBM (1:1w/w) were excited with 530, 520 and 550 nm 
wavelength respectively. PCBM quenched 72%, 73% and 71% of photoluminescent 
intensity of PTZ-dye 1, PTZ-dye 2 and PTZ-dye 3 respectively as shown in Figure 2.5. 
The PL quenching study of an appropriate donor molecule by a suitable acceptor gives an 
primary indication of an effective donor-acceptor charge transfer as described by 
Sariciftci et al.13 The observed luminescence quenching indicates that there is a strong 
interaction between the excited state of PTZ-dyes and PCBM in the mixture. The 
photoexcited electrons easily transfer to the LUMO level of the PCBM as there is 
















Figure 2.5. Fluorescence spectra of PTZ-dye 1 excited with 530 nm wavelength (a); 
PTZ-dye 2 excited with 520 nm wavelength (b); PTZ-dye 3 excited with 550 nm 
















































































Table 2.1. UV–vis. absorption data of the dyes in CHCl3 solution and in the film on glass 
substrate, fluorescence emission data for the dyes in chloroform solution and their cyclic 
voltammetric data in 0.1M TBAPF6 /CH2Cl2, scan rate 100 mVS-1, and Ag/AgCl, 3M 
KCl as reference electrode, with the ferrocene-ferricenium (Fc/Fc+
 
) couple as the external 















PTZ-dye 1 531 531 641 -4.98 -3.49 1.49 
PTZ-dye 2 522 602 618 -4.97 -3.40 1.57 
PTZ-dye 3 549 595 676 -5.02 -3.52 1.50 
FLR-dye 514 564 - -5.52 - - 
CBZ-dye 506 - 626 -5.34 -3.55 1.79 




































Figure 2.6. Cyclic voltamogramm of (a) PTZ dyes and (b) OPE-dye, CBZ-dye and FLR-
dye in dichloromethane solution with Ag/AgCl, 3MKCl reference electrode. 
 
HOMO, LUMO energy levels of the dyes were evaluated from cyclic 
voltammetry experiment. The energy levels were calculated by the following equations  
HOMO = IP = -(Eox


























LUMO = EA = -(Ered
E




 = HOMO-LUMO 2.3 
ox represents the onset potential of first oxidation peak, and Ered stands for the 
first onset potential of first reduction peak. HOMO energy levels of the all dyes are 
tabulated in Table 2.1. The PTZ dyes have higher HOMO level energies than the other 
dyes, this trend justifies the fact that the absorption behaviors of the dyes as the acceptor 
moiety are the same in both the cases. One consequence of this could be obtainable 
maximum Voc for PTZ dyes will be lower than the other dyes with PCBM acceptor. PTZ 
dyes show one reversible oxidation peak at around +0.5 V and another irreversible 
reduction peak at -0.9 V. In addition, the intensity ratio of oxidation current and reduction 
current is  according to the structure of the PTZ dyes. The higher HOMO energy level of 
the CBZ-dye (-5.34 eV) compared to the FLR dye (-5.52 eV), and OPE-dye (-5.55 eV) 
indicates that the carbazole is stronger moiety than the other two. The LUMO levels of 
the dyes are well offset from the LUMO level of the PCBM (-3.75 eV)14 which indicate 
that efficient charge transfer from excited dye to the LUMO level of PCBM. The 
phenomena are supported by fluorescence quenching study in the previous part. The 
HOMO-LUMO energy differences as band gap energies (Egcv
 
) of the molecule are 














Figure 2.7. TGA thermogramm of (a) PTZ dyes, and (b) CBZ dye, FLR-dye and OPE-
dye under nitrogen atmosphere with heating rate of 10 °C/min. 
 
 The thermal stability of the dyes was verified by thermogravimetric analysis 
(TGA), the dyes were heated in presence of nitrogen gas atmosphere. PTZ-dyes were 
stable until 350 °C. OPE-dyes seem to be less stable than other dyes due to presence of O 






Figure 2.8. DSC scan of PTZ dyes in nitrogen atmosphere with 5 °C/min scan rate. 













































Thermal induced phase transition behaviors of the small molecules were 
investigated with differential scanning calorimetric experiments (DSC) under nitrogen 
atmosphere. DSC traces of PTZ-dye 2 and PTZ-dye 3 were plotted in Figure 2.8. Higher 
Tg
2.3.4. Solar cell device performance: 
 was observed for the PTZ-dye 3 than that of PTZ-dye 2 is due to presence of two 
donor moieties. The other dyes did not show obvious glass transition temperature but 









Figure 2.9. J-V characteristic spectra of PTZ-dye 1 (red), PTZ-dye 2 (blue), and PTZ-dye 
3(magenta) under 1 sun irradiation. (This Figure was generated by the help of Mr. Kiran 
Kumar Manga) 
 



















 PTZ-dye 1: PCBM (1:1) dark
 PTZ-dye 1: PCBM (1:1) light
 PTZ-dye 2: PCBM (1:1) dark
 PTZ-dye 2: PCBM (1:1) light
 PTZ-dye 3: PCBM (1:1) dark
 PTZ-dye 3: PCBM (1:1) light
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Three sets of devices were fabricated using following structure- ITO/PEDOT:PSS 
(40 nm) /PTZ-dye: PCBM(1:1) / LiF (1 nm) / Al (100 nm). The J-V characteristics 
spectra are displayed in Figure 2.9 and photovoltaic performance parameters of PTZ dyes 
are tabulated as well in Table 2.2. The results show that the PTZ-dye 3 outperforms the 
other two dyes. FF and current density is mainly dependent on the morphology and 
charge mobility of the film. Voc is partially intrinsic property of the donor acceptor 
system, which is the energy difference between the LUMO level of acceptor and the 
HOMO level of the donor. 15 For this reason though PTZ-dye 3 gives lower Voc 
Table 2.2. Photovoltaic performance parameters of the BHJ solar cell using PTZ dyes 
and PCBM blend under 1 sun irradiation. 
with 
PCBM, but it can form better film which results in higher current density and shows 
higher fill factor. 
Active 
layer composition 
Voc J(V) sc (mA/cm2 FF (%) ) η (%) 
PTZ-dye 1 : PCBM 
(1:1) 
0.78 3.96 30 0.92 
PTZ-dye 2 : PCBM 
(1:1) 
0.72 4.21 28.5 0.86 
PTZ-dye 3 : PCBM 
(1:1) 







A series of small molecular dyes based on different donor moieties have been 
designed and synthesized for the application in molecular BHJ. The HOMO levels, as 
well as band gap energy of the dyes are varied according to the strength of donor moiety 
of the D-A system. The dyes having phenothiazine moiety as donor can form good film 
by spin coating and perform well as p-type material in BHJ. The dyes absorb in a broad 
range (400-750 nm) of visible spectra in the film sample. The fluorescence quenching 
study indicates that efficient charge transfer is possible between PTZ-dyes and PCBM 
which supports the electrochemical data obtained in CV study. Thermal analyses prove 
that these dyes are stable at high temperature. A highest efficiency of 1.36% was 
achieved by using PTZ-dye 3 as donor and PC71
2.5. References: 
BM as acceptor blend under 1 sun 
irradiation. On the other hand, fluorene, carbazole and phenylethynyl groups in small 
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Phenothiazine based efficient organic dye for dye sensitized 
solar cell 
3.1. Introduction: 
Dye-sensitized solar cells (DSSCs) are becoming one of the most promising 
alternatives to the conventional solid silicon-based photovoltaic devices for the 
photovoltaic conversion of solar energy due to their high performances and low cost of 
production. Organic sensitizers have been recognized as one of the most crucial parts for 
highly efficient DSSCs. After absorption of light, charge separation is generally initiated 
at the interface between dye, TiO2 surface and the hole transporting material. The 
efficiency of a DSSC is depended on the relative energy levels of the sensitizer and the 
semiconductor. The most efficient class of sensitizer are ruthenium(II) polypyridyl 
complexes, such as N3, N719 or black dye, and the efficiency is increased up to 11.18% 
at simulated AM 1.5 irradiance.1,2 These dyes have carboxyl group which bind with TiO2 
and they have wide range of absorption from the visible to near infrared (N-IR) regime 
due to metal to ligand charge transfer (MLCT). However the molar extension coefficient 
of these dyes are moderate (ε < 20000 M-1cm-1) at longer wavelength MLCT transition 
band. Additionally, the ruthenium metal is expensive and requires careful synthesis and 
purification methods. Therefore, there are growing interests in metal-free, organic dyes 
with high extinction coefficients in recent years because a wide variety of structures with 




An extensive study has been carried out on electrode materials, sensitizers, and 
electrolyte materials to make real application of DSSCs. After a thorough study on 
sensitizers, it was found that an ideal organic sensitizer has to fulfill the following 
criteria: (1) a broad and intense spectral absorption to improve the light harvesting 
capacity; (2) suitable anchoring group(s) that can chemically bind with the TiO2 surface 
without aggregation; (3) a sufficiently high LUMO energy than TiO2 conduction band 
level for efficient electron injection into the anode and the LUMO of the dye should be 
localized near the anchoring group (usually a carboxylic or phosphonic acid); (4) a 
sufficiently low HOMO energy level for efficient regeneration of the oxidized state by 
accepting electron from the redox mediator, which minimized the recombination of TiO2 
conduction-band electrons with redox couple; (4) intramolecular charge transfer (ICT)-
type absorption, that derives from electron donating part to the electron accepting part 
that bears anchoring groups in the dye molecule. As a result photo excitation leads to 
vectorial electron flow from the light harvesting moieties of the dye towards the surface 
of the semiconductor; (5) chemically stable under experimental condition in presence of 
light; (6) the periphery of the dye should be hydrophobic to minimize direct contact 
between the electrolyte and the anode to prevent water induced desorption of the dye 
from the TiO2 surface and consequently enhance the long term stability; (7) the dye 
should not aggregate on the surface of semiconductor to avoid non-radiative decay of the 










Figure 3.1. Structural design of organic dye for TiO2 photoanode in DSSCs. The HOMO 
of the dye should remain far from semiconductor to minimize recombination and LUMO 
should be in contact with TiO2 for easy charge injection.3
 
 
The major factors limiting the conversion efficiency of the DSSCs based on many 
organic dyes include the formation of dye aggregates on the titania surface4 and the 
recombination between the electrons in the conduction band of TiO2
Based on different donor units, a variety of organic dyes such as perylene, 
cyanine, xanthene, merocyanine, coumarin, hemicyaine, indoline, and triphenylamine 
moieties, have been employed in DSSCs. DSSCs, fabricated by using organic dyes 
 and the oxidized 
half of the redox mediators in the electrolytes. In principle, for efficient DSSCs the 
regeneration of the sensitizer by a hole transporter should be much faster than the 
recombination of the conduction band electrons with the oxidized sensitizer. 
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showed impressive photovoltaic performances with efficiencies in the range of 5-9.5%.5 
The first success of organic dye in DSSC with acceptable efficiency was achieved by 
Hara et al.6 using D-A type structure with dialkylaminophenyl group as the donor and 
cyanoacrylic acid as the acceptor. Indoline based dye exhibited the highest efficiency of 
9.5% in 2008.7
To achieve highly efficient DSSCs by incorporating those above required criteria 
of the ideal sensitizers, we have designed and synthesized two novel unsymmetrical 
organic sensitizers as shown in Scheme 3.1. (i) (2E)-2-cyano-3-(5-(5-((E)-2-(10-(2-
ethylhexyl)-10Hphenothiazin-7-yl)vinyl)thio-phene-2-yl)thiophen-2-yl)acrylic acid 
(PTZ-1) and (ii) (2E)-3-(5-(5-(4,5-bis((E)-2-(10-(2-ethylhexyl)-10Hphenothiazin- 3-
yl)vinyl)thio-phen-2-yl)thio-phen-2-yl)thiophen-2-yl)-2-cyanoacrylic acid (PTZ-2). Here 
the phenothiazine (PTZ) moiety is employed as electron donating part, which contains 
electron-rich sulfur and nitrogen hetero atoms. Phenothiazine ring is nonplanar with a 
butterfly conformation in the ground state, which is quite different from carbazole and 
fluorene, such special conformation can impede the molecular aggregation.
 
8 The longer 
and branched ethylhexyl side chain replacing the butyl chain used by Tian et al.9 aims at 
increasing the solubility of the dyes, decreasing the dye aggregation and enhancing the 
open-circuit photovoltage by reducing recombination.10 The cyanoacrylic acid moiety is 
acting as acceptor, the cyano group helps to decrease the LUMO energy levels of the dye 
and acid group helps to make strong C-O-Ti bond with TiO2. The two functional 
moieties are connected by vinyl-bithiophene for the PTZ-1 rather than the p-phenylene 




To increase the HOMO level energy of PTZ-1 sensitizer and explore the effect of 
the substituted donor on the optical, electrochemical and photovoltaic (PV) properties, we 
incorporated an additional PTZ donor at the C3 position of one of the thiophene rings for 
the PTZ-2 dye. Herein, we report on the synthesis, characterization, physical properties 
and photovoltaic performance of the two sensitizers PTZ-1 and PTZ-2. Electrochemical 
impedance spectroscopy (EIS) was employed to provide an insight into the PV 
performance of DSSCs based on the two new sensitizers. 
 In addition, oligothiophene has a greater tendency to be 
coplanar than oligo (1,4-phenylene), thus elongating the π conjugation length. The 
bridging thiophene units are used to provide conjugation between the donor and the 






























































































Scheme 3.1. Reagents and reaction conditions: i) NaOH, 2-Ethylhexyl bromide, DMSO, 
r.t 3 h; ii) POCl3, DMF, CHCl3, 100 oC, overnight; iii) MePPh3Br, NaH, r.t, 2 h; iv) NBS, 
DMF, r.t, 12 h; v) Cy2-NMe, Pd[P(t-Bu)3]2, DMF, 80°C, 30 h; vi) cyanoacetic acid, 
piperidine, acetonitrile, reflux, 12 h; vii) Cy2NMe, Pd[P(t-Bu)3]2, DMF, 80 °C, 12 h; viii) 
n-BuLi, Bu3SnCl, THF, r.t, overnight ; ix) 4, Pd(PPh3)4, DMF, 75 o
 
C,18 h; x) 




3.2.1. Materials and Characterizations: 
Materials: 
All reagents and chemicals were purchased from Aldrich. Tetrahydrofuran (THF) 
was distilled from sodium and benzophenone prior to use. N, N-Dimethylformamide 
(DMF) and acetonitrile were dried and distilled from CaH2
Characterization:  
. Other chemicals and reagents 
were used as received without further purifications.  
The 1H NMR spectra were recorded in solution of CDCl3, Acetone-d6 or DMSO-
d6 on a Bruker DPX (400 MHz) NMR spectrometer with tetramethylsilane (TMS) as the 
internal standard. UV-vis. absorption spectroscopy was studied by a Shimadzu UV-3101 
PC spectrophotometer at room temperature. Fluorescence spectra were measured by a 
Shimadzu RF-5301 PC spectrophotometer at room temperature. Electrochemical 
measurements were performed using an Autolab potentiostat (model PGSTAT30) by 
Echochimie. Fourier transform infrared spectrophotometry (FTIR) was recorded on a 
Varian 3100 FTIR instrument and measured in KBr discs. MALDI-Tof (matrix-assisted 
laser desorption ionization time-of-flight) analysis was performed on Bruker Autoflex II 
spectrometer, using dithranol as matrix. All reactions were performed under N2 
atmosphere unless otherwise stated. Both cyclic voltammetry (CV) and EIS 
measurements were performed using a computer controlled Autolab PGSTAT30. CV 
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experiments were carried out at 25 °C in CH2Cl2 solution containing 0.1M 
tetrabutylammonium hexafluorophosphate (TBAPF6) as supporting electrolyte with a 
platinum metal disc as working electrode, Au wire as counter electrode at 100 mV/s scan 
rate. The redox potentials were measured against Ag/AgCl, 3M KCl as the reference 
electrode. The redox couple ferrocene/ferrocenium ion (Fc/Fc+) was used as external 
standard (Eonset = 0.400V vs Ag/AgCl, 3M KCl). The redox potentials vs. Ag/AgCl were 
converted to normal hydrogen electrode (NHE) by addition of +0.230V.13 The EIS 
measurements were conducted in the frequency range of 105 -10-1 Hz and an ac amplitude 
of 10 mV at open circuit potential under AM 1.5 100 mW/cm2
Photovoltaic characterization: 
 illumination or at different 
forward biases in dark. 
For photovoltaic measurements of DSSCs, the active areas were measured by 
analyzing digital images. To reduce the diffused light from the glass substrates, a black 
plastic mask slightly larger than the respective active area was attached on the DSSCs. 
The irradiance source was a 150W NREL traceable Oriel Class AAA solar simulator 
(Model 92250A-1000). The output power was calibrated by a NREL traceable 
monocrystalline silicon reference cell (PVM 191) coupled with Newport Oriel PV 
reference cell system (Model 91150). Current-voltage characteristics were measured 
using a Keithley 2420 sourcemeter. The measurement delay time was fixed to 40 ms with 
100 measurement points scanning from Voc to Jsc.14 For the setup used in our 




Incident photon-to-current conversion efficiency (IPCE) of the DSSCs was 
measured by a DC method. The light source was a 300W Xenon Lamp (Oriel 6258) 
coupled with a flux controller to improve the stability of the irradiance. The light passed 
through a monochromator (Cornerstone 260 Oriel 74125) to select a single wavelength 
with a resolution of 10 nm. The monochromatic light beam was then focused on the 
active region of the device. Light intensity was measured by a NREL traceable Si 
detector (Oriel 71030NS) and the short circuit currents of the DSSCs were measured by 











=       3.1 
Short circuit current density can be calculated by integrating IPCE 
∫= 1240
)()( λλλλ dIPCEFJsc       3.2 
where F(λ) is the AM1.5G irradiance spectrum. In our experiments, the calculated Jsc
3.2.2. Synthesis of phenothiazine based dyes: 
 is 
close to that measured in the IV curves, indicating that the mismatch factor of our solar 
simulator was close to unity. 
The structures of the two novel phenothiazine based sensitizer dyes are shown in 
Scheme 3.1. These dyes were prepared according to several classical reactions. The 
synthetic protocols, which are illustrated in Scheme 3.1, involve Vilsmeier-Haack 
reaction, Wittig reaction, Heck coupling, Stille coupling and Knoevenagel condensation 
reaction. Intermediate 10-(2-ethylhexyl)-10H-phenothiazine-3-carbaldehyde (3.2), was 
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achieved from 10-ethylhexyl Phenothiazine (3.1) by Vilsmeier-Haack formylation 
reaction. 10-ethyl hexyl-3-vinyl phenothiazine (3.3) was prepared from corresponding 
aldehyde intermediate 3.2 under Wittig reaction condition. Subsequent Heck reactions of 
10-ethyl hexyl-3-vinyl phenothiazine (3.3), with 5-(5-bromothiophen-2-yl)thiophene-2-
carbaldehyde (3.4) and 2, 3 dibromothiophene yielded intermediate aldehyde 3.5 and 
branched donor moiety 3.6 respectively. Tin reagent 3.7 was obtained from 3.6 by 
lithiation with n-butyl lithium and followed by quenching with tributylchlorostannane. 
Aldehyde 3.8 was obtained by palladium catalyzed Stille coupling reaction of Tin reagent 
3.7 with 5-(5-bromothiophen-2-yl)thiophene-2-carbaldehyde (3.4). At the last step 
Knoevenagel condensation reactions of aldehyde 3.5 and 3.8 with cyanoacetic acid in 
presence of piperidine gave the target dyes PTZ-1, PTZ-2 respectively. The molecular 
structures of all of the intermediates, PTZ-1 and PTZ-2 were confirmed by 1H NMR, 13
N-(2-ethylhexyl)phenothiazine(3.1): 
C 
NMR, FTIR, and mass spectra. The NMR, FTIR spectra, and mass spectra have been 
summarized in the experimental section. NMR spectra and mass spectra of final 
compounds are attached in the appendices. 
Phenothiazine (10 g, 0.05 mol) was added to a suspension of sodium hydroxide 
(12 g, 0.30 mol) in 80 mL of dimethyl sulfoxide (DMSO), which was prepared by 
vigorous stirring for 0.5 h under nitrogen atmosphere. After stirring for 1 h, 2-
ethylhexylbromide (10.7 g, 0.055 mol) was added. The reaction was carried out for 3 h at 
room temperature. The resulting mixture was concentrated under reduced pressure, and 
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then the residue was extracted with water and dichloromethane. The collected organic 
layer was concentrated and purified by silica gel column using n-hexane as eluent. After 
evaporation of the eluent solvent, 11.6 g of the titled compound 3.1 was obtained as 
colorless viscous liquid in 75% yield. 
1H NMR (CD3COCD3
MS (MALDI-Tof, m/z): Calcd for C
, 400 MHz): δ (ppm) 7.20-7.13 (m, 4H), 7.03 (d, J = 8 Hz, 2H), 
6.95-6.91 (m, 2H), 3.89-3.79 (m, 2H), 1.96-1.89 (m, 1H), 1.50-1.19 (m, 8H,), 0.91-0.78 
(m, 6H). 
20H25
10-(2-ethylhexyl)-10H-phenothiazine-3-carbaldehyde (3.2):  
NS, 311.484; found, 311.490. 
To an ice-cooled solution of dimethylformamide (2.58 g, 35.3 mmol) and 
phosphorus oxychloride (4.92 g, 32.2 mmol), N-(2-ethylhexyl)phenothiazine 3.1 (10 g, 
32.1 mmol) solution in chloroform (40 mL) was added drop wise. The resulting mixture 
was slowly brought to room temperature and then stirred at 100oC for overnight. After 
refluxing, the solution was cooled to room temperature. Then the solution was poured 
into a saturated sodium acetate aqueous solution (200 mL), and stirred for 6 h to complete 
the hydrolysis. The hydrolyzed solution was extracted with dichloromethane (200 mL, 
four times). The combined dichloromethane solutions were dried over anhydrous 
Na2SO4, and then concentrated by distillation under reduced pressure. After purification 
by silicagel column chromatography using n-hexane and ethyl acetate (10:1) as eluent, 




MS (MALDI-Tof, m/z): Calcd for C
, 400 MHz): δ (ppm) 9.83 (s, 1H), 7.73 (dd, J = 8.4, 2 Hz, 1H), 
7.62 (d, J = 2 Hz,1H), 7.25-7.17 (m, 3H), 7.12 (d, J = 8 Hz, 1H), 7.03-6.99 (m, 1H), 3.99-
3.89 (m, 2H), 1.97-1.91 (m, 1H), 1.50-1.21 (m, 8H), 0.87 (t, J = 3.2 Hz, 3H), 0.82 (t, J = 
3.2 Hz, 3H). 
21H25
10-(2-ethylhexyl)-3-vinyl-10H-phenothiazine (3.3):  
NOS, 339.494, found, 339.180. 
Sodium hydride (450 mg 18.4 mmol) was added to a solution of 
triphenylmethylphosphonium bromine (6.3 g, 17.6 mmol) in anhydrous THF (30 mL), 
and then the mixture was stirred at room temperature for 15 min. Then, 10-(2-
ethylhexyl)-10H-phenothiazine-3-carbaldehyde 3.2 (5 g, 14.7 mmol) was added and the 
reaction mixture was refluxed at 75 °C for another 2 h. After that, reaction mixture was 
cooled to room temperature and poured into 100 mL water. The reaction mixture was 
extracted with dichloromethane (100 mL, three times) and the organic phase was washed 
with brine solution and then dried over anhydrous sodium sulfate. After removal of the 
solvent by rotary evaporator, the residue was purified by silica gel column 
chromatography with n-hexane as eluent to afford 3.6 g (yield = 92%) compound 3.3 as 
greenish viscous liquid. 
1H NMR (CD3COCD3, 400 MHz): δ (ppm) 7.29-7.25 (m, 2H), 7.21-7.13 (m, 2H), 7.04 
(d, J = 8 Hz, 1H), 7.0 (d, J = 8 Hz,1H), 6.95- 6.91 (m, 1H), 6.63 (dd, J = 17.6, 10.8 Hz, 
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1H), 5.68 (d, J =17.6 Hz, 1H), 5.11 (d, J = 10.8 Hz, 1H), 3.87-3.79 (m, 2H), 1.94-1.89 
(m, 1H), 1.49-1.20 (m, 8H), 0.87 (t, J = 3.6 Hz, 3H), 0.83 (t, J = 3.6 Hz, 3H). 
MS (MALDI-Tof, m/z): Calcd for C22H27
5-(5-bromothiophen-2-yl)thiophene-2-carbaldehyde(3.4): 
NS, 337.521; found, 337.214. 
A solution of N-bromosuccinamide (NBS) (1.89 g, 11 mmol) in DMF (30 mL) 
was added dropwise over a period of 20 min into an ice-cooled solution of 2,2'-
bithiophene-5-carboxaldehyde (2 g, 10.3 mmol) in DMF (30 mL). The mixture was 
stirred at room temperature for 12 h, and then the reaction mixture was poured into 200 
mL of water. A greenish yellow precipitate was obtained. The precipitate was filtered and 
washed with water, followed by brine solution by dissolving in ethyl acetate. The organic 
layer was concentrated and the solid greenish yellow final residue was recrystallized from 
ethanol. (yield = 2.39 g, 85%). 
1H NMR (CDCl3, 
MS (MALDI-Tof, m/z): Calculated for C
400 MHz): δ (ppm) 9.86 (s, 1H), 7.66 (d, J = 4 Hz, 1H), 7.18 (d, J =3.6 




, 273.169; found, 272.906. 
In a glove box, 5-(5-bromothiophen-2-yl)thiophene-2-carbaldehyde 3.4 (1 g, 3.6 
mmol), Cy2-Nme (880 mg, 4.5 mmol), Pd[P(t-Bu)3]2 (36 mg, 0.072 mmol), and 10-(2-
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ethylhexyl)-3-vinyl-10H-phenothiazine 3.3 (1.21 g, 3.6 mmol) were mixed into 15 mL 
anhydrous DMF, in an oven dried Schlenk flask equipped with a stir bar. The flask was 
taken out of the glove box and connected to a Schlenk line, the reaction mixture was then 
stirred at 80 °C for 30 h. Upon completion of the reaction, the mixture was cooled to 
room temperature and poured into 100 mL water with stirring. After extraction with 
dichloromethane (100 mL, three times), the organic phase was washed with brine 
solution and dried over anhydrous sodium sulfate. The solvent was removed and the 
residue was purified by silica gel column chromatography with dichloromethane and 
hexane as eluent mixture (1:3) to produce 1.3 g (70%) of the titled compound 3.5 as 
orange solid.  
1H NMR (CD3COCD3, 400 MHz): δ (ppm) 9.91 (s, 1H), 7.91 (d, J = 4 Hz 1H), 7.45-
7.41 (m, 4H), 7.32 (d, J = 16 Hz, 1H), 7.22-7.15 (m, 3H), 7.07-7.04 (m, 2H), 6.98 (d, J 
=16 Hz, 1H), 6.97-6.93 (m, 1H), 3.89-3.86 (m, 2H), 2.05-2.03 (m, 1H), 1.48-1.24 (m, 
8H), 0.88 (t, J = 7.2 Hz, 3H), 0.84 (t, J =7.2 Hz, 3H). 
13C NMR (CDCl3
MS (MALDI -Tof): Calcd for C
, 100 MHz): δ (ppm) 147.64, 146.13, 145.68, 145.55, 141.91, 137.62, 
134.37, 131.38, 129.33, 128.01, 127.61, 127.17, 126.72, 126.28, 125.63, 125.49, 124.31, 
123.01, 119.80, 116.39, 116.30, 51.59, 36.42, 31.14, 28.99, 24.46, 23.41, 14.35, 10.89. 
31H31NOS3
(2E)-2-cyano-3-(5-(5-((E)-2-(10-(2-ethylhexyl)-10H-phenothiazin-7-yl)vinyl)thiophen-
2-yl)thiophen-2-yl)acrylic acid (PTZ-1):  
, 529.779; found, 530.132. 
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The intermediate aldehyde 3.5 (250 mg, 0.47 mmol ), cyanoacetic acid (121 mg, 1.4 
mmol), and piperidine (100 µL) were added to 15 mL acetonitrile. The mixture was 
refluxed for 12 h. Then the solvent was removed and 20 mL of water was added. The 
reaction mixture was extracted with chloroform. The organic phase was dried over 
anhydrous sodium sulfate. After evaporation of solvent, the residue was purified by 
column chromatography using methanol and dichloromethane (1:10) as eluent mixture to 
give the PTZ-1 dye as dark red solid. (yield: = 224 mg, 80%). 
 1H NMR (CD3COCD3, 400 MHz): δ (ppm) 8.42 (s, 1H), 7.92 (d, J = 4 Hz, 1H), 7.51 
(m, 2 H), 7.43 (m, 2H), 7.34 (d, J = 16 Hz, 1H), 7.22-7.16 (m, 3H), 7.05 (m, 2H), 7.02 (d, 
J = 16 Hz, 1H), 6.95 (t, J = 7.2 Hz, 1H), 3.89-3.86 (m, 2H), 1.96-1.93 (m, 1H), 1.50-1.24 
(m, 8H), 0.88 (t, J = 7.2 Hz, 3H), 0.83 (t, J = 7.2 Hz, 3H). 
13C NMR (CD3COCD3
MS (MALDI-Tof, m/z): Calculated for C
, 100 MHz): δ (ppm) 163.4, 147.0, 146.5, 146.1, 145.9, 145.7, 
140.8, 134.7, 134.0, 131.7, 129.3, 128.0, 127.8, 127.6, 126.6, 126.3, 125.3, 124.8, 123.0, 
120.0, 116.7, 51.2, 36.4, 30.8, 24.1, 23.1, 13.6, 10.3. 
34H32N2O2S3
FTIR (KBr): ν = 945(s), 1043(s), 1212(s), 1247(s), 1294(s), 1351(s), 1458(s), 
1493(s),1526(s), 1575(s), 1687(s), 2214(s), 2850(s), 2920(s), 2956(s),3021(s), 3070(s), 
3431(b) cm







A mixture of 10-(2-ethylhexyl)-3-vinyl-10H-phenothiazine (3.3) (2.92 g, 8.7 
mmol), 2,3-dibromothiophene (1 g, 4.1 mmol), Cy2-NMe (2.02 g, 10.3 mmol)  and 
Pd[P(t-Bu)3]2 (84 mg, 0.166 mmol ) in 20 mL anhydrous DMF under N2 atmosphere was 
stirred at 80 °C for 12 h. Then, it was cooled to room temperature and poured into 100 
mL water with stirring. After extraction with dichloromethane (100 mL, three times), the 
organic phase was washed with brine and dried over anhydrous sodium sulfate. The 
solvent was removed and the residue was purified in silica gel column chromatography 
using mixture of dichloromethane and hexane mixture (1:2) as eluent. (yield = 2.1 g, 
68%). 
1H NMR (CD3COCD3
MS (MALDI-Tof, m/z): Calculated for C
, 400 MHz): δ (ppm) 7.73 (d, J = 16 Hz, 1H), 7.55, (d, J = 16 Hz, 
1H), 7.45-7.38 (m, 5H), 7.27 (d, J = 5.2 Hz, 1H), 7.21-7.15 (m, 4H), 7.04- 6.92 (m, 7H), 
6.85 (d, J = 16 Hz, 1H), 3.85-3.81 (m, 4H), 1.95-1.92 ( m, 2H), 1.47-1.22 (m, 16H), 0.89-




, 755.151; found, 755.216. 
An anhydrous tetrahydrofuran (25 mL) solution of 3.6 (1.1 g, 1.45 mmol) was 
cooled to -78 °C. n-Butyl lithium (1 mL, 1.6 M, 1.6 mmol) was added dropwise over 15 
min to the above mixture with the temperature maintained at -78 °C. Then temperature 
was increased slowly to -10 oC over 30 minutes time. After the solution was stirred for an 
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additional 1.5 h at that temperature, Bu3
MS (MALDI-Tof, m/z): Calculated for C
SnCl (520 mg, 1.6 mmol) was added and the 
solution stirred at room temperature for overnight. The reaction was quenched by the 
addition of cold water and the organic product was extracted with dichloromethane. The 
organic part was dried over sodium sulfate and concentrated to obtain the stannylene 
derivative of 3.7. The crude tin reagent 3.7 was used for the next step for Stille coupling 




Sn, 1044.196; found, 1044.736. 
Tin reagent 3.7 was then treated with 5-(5-bromothiophen-2-yl)thiophene-2-
carbaldehyde 3.4 (382 mg, 1.4 mmol) using Pd(PPh3)4 (32 mg, 0.028 mmol ) as catalyst 
in anhydrous dimethyl formamide (15 mL). The reaction was maintained at 75 °C for 18 
h. Subsequently, it was cooled and poured into 100 mL of water. After extraction with 
dichloromethane (100 mL, three times), the organic phase was washed with brine and 
dried over anhydrous sodium sulfate. The solvent was removed and the residue was 
purified in silica gel column chromatography using mixture of dichloromethane and 
hexane mixture (1:1) as eluent. The solid product was recrystallized from ethanol and 
dichloromethane mixture solvent to yield 820 mg (60%) of 3.8 as red powder. 
1H NMR (CD3COCD3, 400 MHz): δ (ppm) 9.92 (s, 1H), 7.92 (d, J = 4 Hz, 1H), 7.76 (d, 
J = 15.6 Hz, 1H), 7.70 (s, 1H), 7.54 (d, J = 16 Hz, 1H), 7.51-7.44 (m, 6H), 7.35 (d, J = 4 
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Hz, 1H), 7.23-7.18 (m, 4H), 7.15 (d, J = 16 Hz, 1H), 7.08-7.03 (m, 4H), 6.98-6.94 (m, 
2H), 6.90 (d, J = 15.6 Hz, 1H), 3.90-3.81 (m, 4H), 1.96 (m, 2H), 1.50-1.24 (m, 16H), 
0.91-0.83 (m, 12H). 
13C NMR (CDCl3
MS (MALDI-Tof, m/z): Calculated for C
, 100 MHz): δ (ppm) 147.14, 145.85, 142.09, 139.39, 138.78, 
137.91,137.66, 135.11, 133.88, 132.11, 131.81, 129.57, 128.88, 128.02, 127.60, 127.38, 
126.60, 126.33, 125.50, 125.29, 124.48, 123.13, 122.97, 118.88, 117.77, 116.35, 51.56, 
36.37, 31.14, 28.99, 24.44, 23.45, 14.38, 10.90. 
57H58N2OS5
(2E)-3-(5-(5-(4,5-bis((E)-2-(10-(2-ethylhexyl)-10H-phenothiazin-3-yl)vinyl)thiophen-2-
yl)thiophen-2-yl)thiophen-2-yl)-2-cyanoacrylic acid (PTZ-2): 
, 947.408; found, 947.497. 
The aldehyde intermediate 3.8 (200 mg, 0.21 mmol), cyanoacetic acid (53 mg, 
0.63mmol), and piperidine (100 µL) were mixed with 15 mL acetonitrile in a dry round 
bottom flask. The reaction mixture was refluxed at 80 °C for 24 h. Then the solvent was 
removed and 20 mL water was added. The reaction mixture was extracted with 
chloroform. The organic phase was dried over anhydrous sodium sulfate. After 
evaporating the solvent, the residue was purified by column chromatography using 
methanol and dichloromethane mixture (1:10) as eluent to give dye PTZ-2 as a dark red 
solid. (yield = 150 mg, 70%). 
1H NMR (CD3COCD3, 400 MHz): δ (ppm) 8.42 (s, 1H), 7.92 (d, J = 4 Hz, 1H), 7.77 (d, 
J = 16 Hz, 1H), 7.75 (s, 1H), 7.58-7.51 (m, 5H), 7.46 (d, J = 8.4 Hz, 2H), 7.37 (d, J = 4 
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Hz, 1H), 7.23-7.18 (m, 5H), 7.08-7.04 (m, 4H), 6.98-6.94 (m, 2H), 6.91 (d, J = 16 Hz, 
1H), 3.90-3.81 (m, 4H), 1.96 (m, 2H), 1.52-1.26 (m, 16H), 0.91-0.80 (m, 12H). 
13C NMR (DMSO-d6
MS (MALDI-Tof, m/z): Calculated for C
, 100 MHz): δ (ppm) 163.7, 149.1, 145.5, 138.0, 133.4, 128.4, 
128.1, 125.7, 124.8, 123.5, 119.1, 117.1, 109.0, 104.1, 51.1, 36.4, 30.7, 28.7, 24.2, 23.3, 
14.6, 11.24. 
60H59N3O2S5,
FTIR (KBr): ν = 950(s), 1045(s), 1200(s), 1248(s), 1291(s), 1351(s), 1449(s), 1462(s), 
1494(s), 1548(s), 1583(s), 1710(s), 2214(s), 2853(s), 2919(s), 2953(s), 3025(s), 3070(s), 
3434(b) cm
 1014.324; found,1014.323. 
-1
3.3. Fabrication of the DSSCs: 
. 
The device fabrication work presented in this chapter was conducted in the 
laboratories of Prof. Stefan Adams. 
The fabrication of the DSSCs was similar to the method reported by Ito et al.15 
FTO glass substrates (Dyesol TEC 15) were cleaned by ultrasonication for 10 minutes in 
0.5% Decon®90, acetone, ethanol and deionized (DI) water in sequence and dried in 
nitrogen. The cleaned FTO plates were treated in aqueous 40 mM TiCl4 at 70 °C for 30 
minutes, washed with DI water and ethanol, and annealed at 500 °C for 30 minutes. A 
transparent nanocrystalline paste (Dyesol DSL 18NR-T) was deposited on the FTO 
substrates by doctor blending, aged at the room temperature for 10 minutes, and then 
dried at 125 °C for 10 minutes. The coating, aging and drying processes were repeated 
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once to increase the thickness to 13 μm. For double layer TiO2 electrodes, after drying a 
nanocrystalline titania layer at 125 °C, a paste containing 400 nm sized anatase particles 
(Solaronix Ti-Nanoxide 300) was deposited by doctor blending to form a 1.5 μm thick 
scattering layer. The thicknesses of titania layers were measured using an Alpha-step 500 
surface profiler. TiO2 electrodes were gradually heated at 325 °C for 5 min, 375 °C for 5 
min, 450 °C for 15 min and 500 °C for 15 min. The TiO2 electrodes were then treated 
with TiCl4 and sintered again at 500 °C for 30 min. After cooling to 80°C, the TiO2 
electrodes were soaked in the following dye solutions overnight: PTZ1 refers to 0.3 mM 
PTZ-1 in dry acetonitrile (AcCN), PTZ2 to 0.3 mM PTZ-2 in AcCN and tert-butyl 
alcohol (v/v, 1:1), PTZ2-CDCA to 0.3 mM PTZ-2 in dichloromethane with saturated 
chenodeoxy cholic acid (CDCA), and N3 to 0.5 mM N3 (Dyesol) in AcCN and tert-butyl 
alcohol (v/v, 1:1). After the sensitizing process, the TiO2 electrodes were rinsed by 
AcCN to remove weakly adsorbed dye molecules. Holes for counter electrodes were 
drilled into FTO glass plates (TEC 15 Pilkington North America, Inc.) by a glass cutting 
bit. The substrates were washed by 0.5% Decon®90, DI water, 0.1M HCl, and ethanol, 
cleaned by ultrasonication for 10 minutes in acetone, and dried in nitrogen. The FTO 
substrates were sintered at 400 °C for 15 minutes to remove residual organic 
contaminants. A drop of H2PtCl6 solution (2 mg Pt in 1 mL ethanol) was spread on the 
FTO glass and heat treated at 400 °C for 15 min. The dye sensitized TiO2 electrode and 
Pt counter electrode were assembled and sealed by hotmelting foil (Solaronix SX1170-
25) according to instructions by the supplier. A drop of electrolyte was placed on the hole 
in the counter electrode and was sucked into the cell via vacuum filling. Finally the hole 
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was sealed using SX1170-60 and a cover glass or using epoxy. Two kinds of electrolytes 
were employed to characterize the solar cells. Electrolyte 1 was composed of 0.6M 
butylmethylimidazolium iodide (BMII), 0.03M I2, 0.1M guanidinium thiocyanate 
(GuSCN), 0.5 M 4-tert-butylpyridine (TBP) in AcCN and valeronitrile (85:15). 
Electrolyte 2 consisted of 0.6 M tetrabutylammonium iodide (TBAI), 0.1M LiI, 0.05M I2
3.5. Results and Discussion: 
, 
0.5M TBP in AcCN. 
3.5.1. Electrochemical properties: 
To map the possibilities of electron transfer from the excited dye molecules to the 
conduction band of TiO2 and the dye regeneration by accepting electrons from redox 
mediator, the redox potentials of the dyes were investigated by cyclic voltammetry (CV) 
with a standard three-electrode electrochemical cell. Figure 3.2 shows CV curves of the 
two dyes in dichloromethane solutions. There are two oxidation waves for both dyes. The 
first one is attributed to the oxidation of the PTZ moiety and the second to the oxidation 
of the oligothiophene segments. The first oxidation potential (Eox) in the CV curves 
corresponds to the HOMO energy level of the dyes; which was shown to be valid by 
Hagberg et al.16 who compared experiment values with electronic structure (molecular 
orbital) calculations. The HOMO energy level of the PTZ-1 (0.84V vs. NHE) is more 
positive than that of the PTZ-2 (0.77V vs. NHE), but both are more positive than the 
redox potential of the I/I3- couple (ca. 0.4V vs. NHE). The sufficiently low HOMO 
energy level ensures that it is thermodynamically favorable for the dye regeneration 
89 
 
reaction to compete efficiently with the recapture of the injected electrons by the dye 
cation radical. The excited-state oxidation potential (E*0-0) of the sensitizers was 
estimated from Eox at the ground state and the zero–ero excitation energy (E0–0
00
*
00 −− −= EEE OX
) 
according to the following equation:  
      3.3 
where, E0–0 was estimated from the intercept of absorption and normalized emission 
spectra in dichloromethane solutions shown in Figure 3.4. The excited-state oxidation 
potentials of the PTZ-1 and PTZ-2 dye (-1.29V and -1.26V vs. NHE, respectively) are 
more negative than the TiO2 conduction band edge (-0.5 V vs. NHE). Therefore, the two 
dyes have sufficient driving force for electron injection to TiO2. Consequently, both dyes 
have adequate thermodynamic driving forces for efficient DSSCs using a nanocrystalline 
titania photoanode and the I/I3-
 















Figure 3.3. HOMO and LUMO energy levels matched with conduction band (CB) of 
TiO2
 
 and redox potential of iodide and triiodide indicate efficient charge separation and 
dye regeneration process. 
3.5.2. Optical properties: 
UV-visible absorption and normalized fluorescence emission spectra of the dye 
molecules have been shown in Figure 3.4. Both the dyes exhibit broad absorption range 
from 350-600 nm with two major prominent bands in dichloromethane solution. The 
band at 350-480 nm is due to localized aromatic π-π* transition and that of at 480-600 
nm is due to intra-molecular charge transfer (ICT) transition from donor phenothiazine 




) was estimated 
from the intersection between the absorption and emission spectra using the equation 3.4. 
      3.4 
PTZ-2 dye shows broader absorption band than PTZ-1. The molar extinction coefficient 
of the π-π* transition in PTZ-2 dye is larger than that of PTZ-1, which is due to the 
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increase of the conjugation length by incorporating one additional thiophene unit and one 
phenothiazine donor moiety.17
≈
 The molar absorption coefficients of the ICT band in PTZ-
dyes (ε  31700 M-1cm-1) are much higher than the ruthenium based dyes (ε = 13000 M-
1cm-1). However, the charge transfer band position is not so much different in both the 
cases, although PTZ-2 dye has two donor units whereas PTZ-1 has only one. It has been 
speculated that, it may be due to lack of coplanarity between the donor and the electron 
acceptor in the ground-state as well as in the Frank-Condon excited-state because of the 
presence of bulky N-ethylhexyl phenothiazine group at 2, 3 position of thiophene in PTZ-
2. Thomas et al.12 and Hagberg et al.16
 
 also reported a similar effect of disubstituted 
donors on the absorption coefficient for the π-π* transition absorption. The emission 
maxima of the PTZ-2 (662 nm) is red shifted in comparison with that of the PTZ-1 (650 





Figure 3.4. UV-vis. absorption and fluorescence emission spectra of PTZ-1 and PTZ-2 in 




3.5.3. Photovoltaic performances of the DSSCs: 
The two novel dyes have been used as a sensitizer to manufacture DSSCs. The 
DSSCs were equipped with 13 μm transparent and 1.5 μm scattering TiO2 electrode and 
an electrolyte composed of 0.6M butylmethylimidazolium iodide (BMII), 0.03M I2, 
0.1M guanidinium thiocyanate (GuSCN), 0.5M 4-tert-butylpyridine (TBP) in acetonitrile 
(AcCN) and valeronitrile (85:15) was used in the DSSCs. Figure 3.5 shows the J-V 
curves and IPCE of the devices, and Table 3.1 summarizes their PV performance. Under 
standard AM 1.5 100mW/cm2 illumination, the PTZ1-sensitized cell gave a shortcircuit 
photocurrent density (Jsc) of 11.69 mA/cm2, an open-circuit voltage (Voc) of 708 mV, and 
a fill factor (FF) of 0.687, corresponding to an overall conversion efficiency (η) of 5.4%. 
Under similar conditions, the PTZ2 and N3 based DSSCs had conversion efficiencies of 
2.80% and 7.02%, respectively. The lower Jsc in the PTZ2 device is mainly due to its 
inferior IPCE. The IPCE of the PTZ1 cell exhibited a high plateau over 70% from 350 to 
600 nm, significantly higher than the IPCE of PTZ2 devices (plateau height ≈ 40%). This 
observation deviates from our expectation on the basis of their absorption spectra. It 
suggests that the structure modification of the sensitizers strongly influences carrier 
injection and collection efficiencies, in turn having a significant effect on the IPCE and 
Jsc
 
 of the PV devices. Under similar conditions, the IPCE of the N3-based DSSC was 
only slightly higher compared to PTZ1 device from 350 to 600 nm but considerably 
larger in the range of 600 nm to 700 nm due to the higher absorption coefficient of N3 
over these wavelengths. 
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Another possible way to enhance the performance of DSSCs is the use of 
additives. For example, cell performances were improved by the addition of 
chenodeoxycholic acid (CDCA) as a coadsorbent and 4-tert-butylpyridine (TBP) as an 
additive to the electrolyte.18 Additive TBP in electrolyte system markedly increased the 
conduction band edge of the TiO2, consequently, a higher Voc, FF and total efficiency 
were  achieved in DSSCs.19 Coadsorbent, CDCA often have a beneficial effect on the PV 
performance of organic dye based solar cells.20 CDCA was used to prevent aggregation 
of the dye on the TiO2 surface, thereby resulting in a high electron-injection yield from 
the dye into TiO2. The photocurrent and photovoltage of the solar cell were also 
improved even though the amount of adsorbed dye on the TiO2
 
 surface was decreased. 
Similarly a significant improvement in efficiency was found in this study for the PTZ2-
based DSSCs only, while the effect of CDCA on the efficiency of PTZ1-based DSSCs 












Figure 3.5. a) J–V characteristics of the DSSCs based on different sensitizer system 
under AM 1.5 100mW/cm2 
 
illumination and (b) IPCE of the corresponding DSSCs. 
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As shown in Figure 3.5, the CDCA considerably enhanced both IPCE and Jsc of 
the PTZ2 cell. CDCA might reduce the PTZ-2 sensitizer aggregation, suppressing the 
deactivation of the excited state via quenching processes between dye molecules.3,21 In 
addition, the presence of the CDCA may shift the LUMO level to a more negative value, 
leading to a large driving force for electron injection. The PTZ2-CDCA device under 
standard AM 1.5 100mW/cm2 illumination yielded Jsc of 9.77 mA/cm2, Voc
 
 of 662 mV 
and FF of 0.67, corresponding to an overall conversion efficiency of 4.34%.  
 
Table 3.1. Photovoltaic performance of DSSCs using different sensitizers system under 
AM 1.5 100mW/cm2 illumination. The electrolyte used for the DSSCs was composed of 
0.6M butylmethylimidazolium iodide, 0.03M I2
 
, 0.1M guanidinium thiocyanate, 0.5M 4-
tert-butylpyridine in acetonitrile and valeronitrile (85:15). 
 
 
It was found that electrolytes composed of different components have significant 
effect on the PV performance of DSSCs. Figure 3.6 shows the J-V curves under 
illumination and in dark and IPCE of the optimum PTZ-1 based DSSCs using an 
Sensitizer 
systems 
Jsc(mA/cm-1 V) oc FF(%) (V) Efficiency(%) Cal.Jsc(mA/cm-1) 
PTZ1 11.69 0.708 65.3 5.4 11.62 
PTZ2 7.14 0.706 55.6 2.8 6.62 
PTZ2-CDCA 9.77 0.662 67.1 4.34 9.74 
N3 13.89 0.736 68.7 7.02 14.25 
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electrolyte composed of 0.6M tetrabutylammonium iodide, 0.1M LiI, 0.05M I2, 0.5M 
TBP in AcCN. The conversion efficiency reached 6.17% with Voc 0.713V, Jsc 12.98 
mA/cm2 and FF 66.6% under AM 1.5 100 mW/cm2 illumination. The IPCE was up to 
80.3% at 550 nm and had a wide plateau of 80%. The high IPCE from 350 to 580 nm is 
similar to that of the N3 in Figure 3.5b. It suggests that the sensitizer using PTZ as the 
electron donor moiety and oligothiophene as the conjugation spacer can convert photons 
into electrons as efficiently as the N3 over the visible light range. We noted that the lower 
Jsc in the PTZ-1 based cells (12.98 mA/cm2) in comparison with that of the N3 based 
device (13.89 mA/cm2) is mainly due to the lower IPCE values in the range of 600–700 
nm. Therefore, the PTZ1 dye should be further molecularly engineered to improve the 
light absorption in the red and near-IR ranges. The calculated Jsc (12.8 mA/cm2) is 
similar to the measured one (12.98 mA/cm2), partly verifying the reported efficiency. 
Figure 3.6(b) shows that Jsc and Voc have linear and exponential dependences, 
respectively, on light intensities over a wide range. The slope for Voc is 57.9 mV/dec, 
slightly lower than the ideal value 59 mV/dec. This indicates that the device has very low 
recombination between the electrons in the conduction band of the titania and triiodide in 
the electrolyte, possibly arising from effective retardation by the PTZ-1 dye. We noted 
that the PTZ-1 sensitizer performs better than T2-1 and T2-2 dyes by Tian et al.9 in 
DSSCs using same electrolyte system. In both the cases, similar PTZ electron donor and 
cyanoacrylic acid electron acceptor were used. This demonstrates that, the vinyl-
oligothiophene moiety in the PTZ-1 dye serves as an effective conjugation spacer which 














Figure 3.6. (a) J–V characteristics of the PTZ-1 based DSSCs under AM 1.5 100 
mW/cm2 illumination and dark. The IPCE of the device is displayed in inset). (b) The Jsc 
and Voc dependence of the light intensity for the device. The lines are linearly and 




3.5.4. Electrochemical impedance measurement: 
Although the coadsorbent CDCA greatly increased the photovoltaic performance 
of PTZ-2 based DSSCs, the PTZ-1 dye still outperforms the PTZ-2. Consequently, dye 
aggregation alone cannot account for the smaller Jsc for the PTZ-2 based solar cells. 
Therefore, we employed EIS to gain further insight into the electron kinetics in the PTZ1 
and PTZ2-CDCA based DSSCs. Figure 3.7 shows typical Nyquist and Bode phase plots 
of PTZ1 and PTZ2-CDCA based DSSCs held at open circuit potentials under AM 1.5 
100mW/cm2 illumination. Data were fitted using the equivalent circuit suggested by 
Wang et al.22 The derived parameters include chemical capacitance Cμ, charge transfer 
resistance Rct, and carrier transport resistance Rt. The electron lifetime τ is the product of 
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the Cμ and Rct. Impedance spectra of the PTZ1 cell were fitted assuming the limiting case 
Rct >> Rt (Warburg impedance for the titania/electrolyte interface), whereas spectra for 
the PTZ2-CDCA device showed characteristics of the case Rct << Rt
 
 (Gerischer 
impedance for the titania/electrolyte interface). This implies that the PTZ1 cell exhibits 
near unity carrier collection efficiency, but the latter only collected a fraction of the 
photogenerated electrons. The electron lifetime in the PTZ1 cell (60 ms) is longer than 
that of PTZ2-CDCA (40 ms). This interpretation is supported by the Bode phase plot 













Figure 3.7. EIS of DSSCs based on PTZ1 and PTZ2-CDCA under AM1.5 100mW/cm2 
 
illumination held at open circuit potential (a) Nyquist plot and (b) Bode phase plot. The 
markers are the experimental data and the lines are the fitting. 
The frequency value of the phase peak is approximately equal to the reciprocal of τ, thus 
τ for the PTZ1  and  PTZ2-CDCA devices is larger. The longer electron lifetime in the 
PTZ1 indicates reduced recombination and is consistent with the larger Voc. 
98 
 
The EIS at different forward potentials in dark were also measured for both cells. 
The extracted values for Cμ, Rct and τ are plotted in Figure 3.8. Cμ, Rct and τ follow the 
characteristic exponential dependence with the forward bias as previously reported by 
Wang et al.22 At any given potential the PTZ1 device has a larger charge transfer 
resistance and a much longer electron lifetime than PTZ2-CDCA device. This indicates 
that the PTZ1 device has a reduced recombination rate in comparison to the PTZ2-CDCA 
cell. Furthermore, the onset of dark current of the PTZ1 device is shifted to a higher 
voltage than for the PTZ2-CDCA cell in Figure 3.5(a). Altogether the results 
unambiguously establish that the carrier collection efficiency in the PTZ1 cell was higher 
than that of the PTZ2-CDCA cell because of the reduced recombination rate. The higher 
carrier collection efficiency of PTZ1-based DSSCs is partly responsible for the higher 
Jsc, Voc and IPCE. It should be noted that the effect of two dyes on the electron injection 
















Figure 3.8. The fitted results for the EIS of DSSC based on PTZ1(black square), PTZ2 
(red circle) and PTZ2-CDCA (green triangle) sensitizer system in dark at different 
external controlled potential: (a) charge-transfer resistance; (b) film capacitance, and (c) 








Thomas et al.12 reported that disubstituted triphenylamine donors with three 
thiophene conjugation units had inferior PV performance compared to the single 
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triphenylamine donors with two thiophene conjugation units. The former is similar to the 
PTZ-2 and the latter to PTZ-1 in our study. Hagberg et al.16 also reported that the two 
donor moieties could be detrimental to PV performance in solid state DSSCs by reducing 
the Jsc
 
, due possibly to the worse penetration of the hole conductor into the titania matrix. 
The results in this study indicate that disubstituted donors in the organic sensitizers with 
three or more conjugation units are harmful for PV performance of the DSSCs, especially 
in the case of all solid state cells, because of the occurrence of serious dye aggregation. 
However, these same authors found the opposite effect when liquid electrolytes were 
used. Therefore it is still not possible to propose guidelines for the addition of 
donor/acceptor groups to organic dyes to improve efficiency. 
3.4. Conclusion: 
In summary, we have synthesized two novel organic sensitizers using 
phenothiazine as electron donor moieties, vinylene-oligothiophene as conjugation spacers 
and cyanoacrylic acid moiety as the electron acceptor moieties. The two dyes were fully 
characterized and employed as sensitizers in dye sensitized solar cells. DSSCs sensitized 
by the PTZ1 dye achieved a promising conversion efficiency of 6.17% under AM 1.5 100 
mW/cm2 illumination and had a high IPCE plateau of 80%. Correlating the structures, 
properties and PV performance of the two dyes, our studies reveal that two donor moiety 
and one additional thiophene unit in the organic sensitizers increase the photon 
absorption capacity and increase the HOMO level a bit. On the other hand, these bulky 
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donors systems become harmful for PV performance of the DSSCs because of the 
occurrence of serious dye aggregation. Structural modification of the PTZ-1 dye may 
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Chapter 4  
Solid state conductor for solid-state dye sensized solar cell 
 
4.1. Introduction: 
 Though the efficiency of the dye sensitized solar cells are moderately higher 
(~11%) than polymer bulkheterojunction solar cell (~6%), the widespread application 
of liquid electrolyte-based DSSC is hampered by stability problems such as solvent 
evaporation and leakage. To address these problems, the solid-state dye solar cell 
(SDSC) which employs either inorganic hole conductors,1 organic hole conductors or 
ionic polymer electrolytes in lieu of liquid electrolytes have been developed. After 
extensive study, p-type inorganic semiconductor based on copper compound such as 
CuI,2 or CuSCN3 were found to be most successful. However the instability of these 
inorganic semiconductor in ambient condition and the low performance of these 
materials has limited their usage. Compared to inorganic p-type semiconductor, solid 
organic p-type small molecule and polymers semiconductor display attractive 
diversity and seems to be promising alternatives to that of liquid electrolyte. 
Polyvinyl pyridine iodide4 and polyvinylidine fluoride5 ionic polymers with high 
ionic conductivity have also been used as electrolyte in SDSCs. There have been 
attempts to deploy hole conducting polymers such as poly tetraphenylbenzidines,6 
polyaniline,7 polythiophene,8,9 and polyvinylcarbazole10 in SDSC, but these exhibit 
poor pore- filling properties in TiO2 mesopores which creates imperfect contact 
between the dye adsorbed surface11 and the hole transporting polymers. Molecular 
organic hole conductors display attractive diversity and are a promising alternative to 
liquid electrolytes for easy processing method and high charge mobility. Small 
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molecules based on triphenyl amine12,13 (TPA) or tetraphenylbenzidines (TPD)4 have 
been employed as hole transporting layer because of their high purity and good hole 
conductivity. By bridging two TPD units with spiro linkage, an amorphous, highly 
soluble 2,2',7,7'-tetrakis(N,N-di-p-methoxy-phenyl-amine)-9,9'-spirobifluorene 
(OMeTAD) has been developed which has been deployed in highly efficient (5% 
under 1 sun irradiation) solid state solar cell.14 The structure of the solid OMETAD is 
shown in Figure 4.1. For electrolyte systems which do not contain iodide, the dye is 
regenerated from the HOMO electron of hole conductor and the charge transports 
through hopping mechanism. In the iodide/iodine redox system, dye regeneration 
occurs by oxidizing the iodide ion, and charge transport occurs by the Grotthuss-type 









Figure 4.1. Structure of the most efficient hole transporter spiro-OMETAD for solid 
state dye solar cell. 
 
 Exploring new electrolyte with excellent physical/chemical property is much 
needed for real application of SDSCs. Considering the process of dye regeneration, 
we have designed and synthesized a new class of solid state ionic conductor based on 













hole conductor because polyvinyl carbazole has already been employed successfully 
in SDSC as hole conductor.8 In addition, solid15 and liquid16
The structures of the solid state ionic conductor SD1, SD2 and SD3 are shown in 
Scheme 4.1. The carbazole unit of all solid state ionic conductors contains ethylhexyl 
group which will enhance solubility in organic solvents as well as prevent crystallization 
in the solid state. Carbazole is attached to imidazolium cation part to solidify the 
compound and at the same time its planar aromatic structure affords good hole 
conductivity. The electron rich carbazole part (Donor) and electron deficient imidazolium 
part (Acceptor) results in an ambipolar structure with good charge mobility. Compared to 
the macromolecular counterpart, this structure exhibits improved pore filling abilities on 
dye sensitized anodes 
 imidazoilum ionic salts 









Scheme 4.1. Synthetic route and molecular structure of solid state ionic conductors (SD1, 

























SD-2,    n= 1






















4.2.1. Materials and characterization: All reagents and chemicals were purchased from 
Aldrich. N, N-Dimethylformamide (DMF) was dried and distilled from CaH2
The 
. Other 
chemicals and reagents were used as received without further purifications.  
1H NMR and 13C NMR spectra were recorded in solution of CDCl3 or 
CD2Cl2 on a Bruker DPX (400 MHz) NMR spectrometer with tetramethylsilane (TMS) 
as the internal standard. Electrochemical measurements were performed using an Autolab 
potentiostat (model PGSTAT30) by Echochimie. Fourier transform infrared 
spectrophotometry (FT-IR) was recorded on a Varian 3100 FTIR instrument and 
measured in KBr discs (400-4000 cm-1). MALDI-Tof (matrix-assisted laser desorption 
ionization time-of-flight) analysis was performed on Bruker Autoflex II spectrometer, 
using dithranol as matrix. Microwave (MW) heating reaction was performed on a biotage 
initiator microwave synthesizer equipped with magnetic stirrer. All the reactions were 
performed under N2 
4.2.2. Synthesis of solid state conductors: 
atmosphere unless otherwise stated. 
 The solid state ionic conductors SD1-SD3 have been synthesized and 
employed in SDSC. In the first step of the synthetic Scheme 4.1, 3-bromo-N-
ethylhexylcarbazole was synthesized by N-alkylation of 3-bromocarbazole using NaH 
as base. Next, carbazole and imidazole were coupled by typical Ullmann N-C 
coupling procedure in the presence of CuI and 1,10-phenanthroline ligand mixture as 
catalyst. The product 4.3 was purified (95% in yield) by silica gel column 
chromatography using 1:1 ethylacetate and hexane solvent mixture as eluent. In the 
final step, carbazole-imidazolium solid state ionic conductors were prepared by 
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microwave assisted quaternization of product 4.3. SD1 was prepared from SD3 by ion 
exchange with NaSCN. The final white color solid state ionic conductors were 
purified in silica gel column chromatography by eluting with 1:10 methanol and 
dichloromethane solvent mixture. All the purified compounds were confirmed by 
extensive study of MALDI-Tof mass spectroscopy, 1H NMR, 13
3-Bromocarbazole(4.1): 
C NMR, FT-IR 
spectroscopy. NMR spectra and mass spectra of the final compunds are attached in 
the appendices. 
Carbazole (15 g, 89.70 mmol) was dissolved in DMF (100 mL) in a 500 mL two 
necked round bottom flask. After the solution was cooled to 0 °C, N-bromosuccinimide 
(NBS) (15.96 g, 89.70 mmol) in DMF (150 mL) solution was added dropwise. The 
mixture was allowed to warm to room temperature and stirred for an additional 2 h. The 
mixture was then poured into water (1 L). The white precipitate was filtered, and 
dissolved in dichloromethane (CH2Cl2). The organic part was washed with water to 
remove water soluble impurities. Organic solvent was removed and resulting white solid 
was recrystallized from ethanol to give colorless crystals. (yield = 16.61 g, 75%).  
1H NMR (CDCl3
N-Ethylhexyl -3- bromocarbazole (4.2): 
, 400 MHz): δ (ppm) 8.13 (d, J = 2.0 Hz, 2H), 8.09 (b, 1H), 7.52 (dd, J 
= 8.4, 2.0 Hz, 2H), 7.31 (d, J = 8.4 Hz, 2H).  
NaH (2.71 g, 60% w/w dispersion in mineral oil, 67.9 mmol) was added slowly to 
a mixture of compound 3-bromocarbazole (12 g, 48.5 mmol) and anhydrous DMF (100 
mL). After 30 min, 2-ethylhexyl bromide (12.2 g, 63 mmol) was added. The reaction was 
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stirred at room temperature for 18 h under nitrogen. The reaction was quenched with 
H2O and extracted with CH2Cl2. The organic fractions were dried under sodium sulfate 
and the solvent was removed under reduced pressure. The product was purified by 
column chromatography (10% EtOAc in hexane as eluent) to give the titled compound as 
a colorless viscous liquid (16.68 g, 96%). 
1H NMR (CD2Cl2
MS (MALDI-Tof, m/z): Calcd for C
, 400 MHz): δ (ppm) 8.22 (d, J = 1.6 Hz, 1H), 8.06 (d, J = 8 Hz, 1H), 
7.55 (dd, J = 8.4, 1.6 Hz, 1H), 7.50 (t, 1H), 7.44 (d, J = 8 Hz, 1H), 7.33 (d, J = 8.4 Hz, 




N, 357.109; found, 356.985. 
A mixture of N-ethylhexyl-3-bromocarbazole (11.20 g, 31.2 mmol), imidazole 
(2.33 g, 34.3 mmol), CuI (0.59 g, 3.12 mmol), 1,10-phenanthroline (1.23 g, 6.8 mmol), 
and K2CO3 (10.80 g, 78.15 mmol) were suspended in 60 mL of anhydrous DMF in round 
bottom flask equipped with magnetic stir bar and reflux condenser. The reaction 
container was then evacuated three times and backfilled with N2. The reaction mixture 
was stirred for 30 min at room temperature and then refluxed at 150 °C with vigorous 
stirring under N2 protection for 30 h and cooled to ambient temperature. DMF solvent 
was removed under high vacuum and temperature. The residue, brown mixture was 
extracted with dichloromethane (50 mL × 4), and the organic extracts were combined, 
dried over NaSO4, and finally purified by silica gel column chromatography (1:1 




MS (MALDI-Tof, m/z): Calcd for C
, 400 MHz): δ (ppm) 8.13 (d, J = 8.4 Hz, 1H), 8.11 (s, 1H), 7.89 (s, 
1H), 7.52-7.47 (m, 4H), 7.40 (s, 1H), 7.29-7.25 (t, 1H), 7.19 (s, 1H), 4.23 (m, 2H), 2.12-
2.08 (m,1H), 1.45-1.23 (m, 8H), 0.94 (t, 3H), 0.87 (t, 3H). 
23H27N3
SD2: 
, 345.220; found, 345.256. 
A mixture of 4.3 (2 g, 5.79 mmol) and iodomethane (0.72 mL, 11.6 mmol) was 
placed in a sealed reaction vessel (0.2-2 mL) with a magnetic stir bar inside the sample 
holder of the microwave reactor. The reaction mixture was heated up to 60 °C at 10 W 
and then held at this temperature for 15 min. The reaction mixture was cooled down to 
room temperature in the microwave system. The crude reaction mixture was purified by 
silica-gel column chromatography. The titled compound solid SD2 was eluted with 
methanol and dichloromethane solvent mixture (1:10). The solvent was removed at 
reduced pressure to give the titled compound as a white solid (yield = 1.83 g, 65%). mp 
184-190°C. 
1H NMR (CD2Cl2, 400 MHz): δ (ppm) 10.42 (s, 1H), 8.54 (d, J = 2 Hz, 1H), 8.24 (d, J = 
8 Hz, 1H), 7.78 (dd, J = 8.4, 2 Hz, 1H), 7.71 (s, 1H), 7.57-7.53 (m, 3H), 7.48 (d, J = 8.4 
Hz, 1H), 7.29 (t, 1H), 4.22-4.18 (m, 5H), 2.06 (m, 1H), 1.42-1.23 (m, 8H), 0.91 (t, 3H), 
0.86 (t, 3H). 
13C NMR (CD2Cl2, 100 MHz): δ (ppm) 141.89, 141.01, 135.94, 127.09, 126.25, 123.82, 
123.42, 121.99, 121.38, 121.11, 119.81, 119.26, 114.51, 110.32, 109.73, 47.73, 39.39, 
37.23, 30.95, 28.74, 24.36, 22.96, 13.68, 10.61. 
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MS (MALDI-Tof, m/z): Calcd for C24H30N3+ 
SD3: 
(M-I), 360.244; found, 360.254. 
SD3 was synthesized from 4.3 and iodohexane in similar manner following the 
same procedure for the synthesis of SD2 with 60% in yield. 
1H NMR (CD2Cl2, 400 MHz): δ (ppm) 10.47 (s, 1H), 8.61 (d, J = 2 Hz, 1H), 8.27 (d, J = 
7.6 Hz, 1H), 7.81-7.78 (m, 2H), 7.57-7.51 (m, 3H), 7.47 (d, J = 8 Hz, 1H), 7.27 (t, 1H), 
4.50 (m, 2H), 4.17 (m, 2H), 2.06-1.97 (m, 3H), 1.44-1.22 (m, 14H), 0.92-0.87 (m, 9H).  
13C NMR (CD2Cl2
MS (MALDI-Tof, m/z): Calcd for C
, 100 MHz) δ (ppm) 141.87, 140.97, 135.23, 127.05, 126.31, 123.43, 
122.57, 122.06, 121.39, 121.22, 119.77, 119.09, 114.45, 110.25, 109.69, 50.48, 47.73, 
39.39, 31.09, 30.95, 30.19, 28.74, 25.85, 24.36, 22.95, 22.38, 13.67, 13.65, 10.60. 
29H40N3+ 
SD1: 
(M-I), 430.322; found, 430.349 
The compound SD3 (2.22 g) was dissolved in acetone (25 mL) and NaSCN (2 
equiv) was added to the solution. The mixture was allowed to stir at room temperature for 
48 h. The resulting suspension was filtered, and the filtrate was subjected to a vacuum to 
remove volatile solvents. The residue was dissolved in dichloromethane and again 
filtered. The procedure was repeated to remove all dissolved salt. Final filtrate was dried 
using anhydrous sodium sulfate and concentrated in rotary evaporator. SD1 was obtained 
as a white solid (99% yield). 
1H NMR (CD2Cl2, 400 MHz): δ (ppm) 9.89 (s, 1H), 8.45 (d, J = 2 Hz, 1H), 8.23 (d, J = 
8 Hz, 1H), 7.76 (s, 1H), 7.71 (dd, J = 8, 2 Hz, 1H), 7.56-7.51 (m, 3H), 7.46 (d, J = 8.4 
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Hz, 1H), 7.27 (t, 1H), 4.44 (t, 2H), 4.15 (m, 2H), 2.06-1.96 (m, 4H), 1.42-1.22 (m, 14H), 
0.92-0.84 (m, 9H). 
13C NMR (CD2Cl2
MS (MALDI-Tof, m/z): Calcd for C
, 100 MHz) δ (ppm) 141.88, 141.02, 135.28, 127.06, 126.30, 123.46, 
122.59, 122.03, 121.77, 121.08, 119.80, 119.21, 114.33, 110.36, 109.70, 50.70, 47.70, 
39.39, 31.08, 30.95, 30.18, 28.74, 25.93, 24.36, 22.96, 22.37, 13.67, 13.65, 10.60. 
29H40N3+ 
FTIR (KBr pellet): 2041.88 cm
(M-SCN), 430.322; found, 430.305. 
-1 (-
4.2.3. Device structure and characterization:  
SCN). 
The device fabrication work presented in this chapter was conducted in the 
laboratories of Prof. Stefan Adams. 
 All solid-state dye sensitized solar cells were fabricated using a method similar 
to that developed by Ito et al.17 Briefly, nanocrystalline TiO2 films of 4 µm thickness 
were coated by screen printing a colloid paste (Dyesol 18 NR-T) on TiCl4-treated 
FTO glass substrates. After sintering, the photoanodes were soaked with 0.5 mM di-
tetrabutylammonium cis-bis-(isothio-cyanato) bis (2,2'-bipyridyl-4,4'-dicarboxylate)-
ruthenium (II) (N719) dye solution overnight. The electrolytes were composed of 
0.12M solid state ionic conductor, 0.03M I2, 0.1M tert-butylpyridine 0.12M lithium 
bis(trifluorosulfonyl) imide (Li[(CF3SO2)2N]), and 0.012M 1-ethyl-3-
methylimidazolium tetracyanoborate in ethanol. For convenience, the electrolyte used 
by SD1, SD2, and SD3 solid state ionic conductors were simply denoted as SD1, SD2 
and SD3, respectively. The electrolyte was drop casted onto stained titania electrodes 
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at 60 °C and was dried under vacuum. Finally, a Pt counter electrode was clipped 
with the photoanode to form complete devices. The photovoltaic performance of the 
SDSCs was measured by the Keithley 2420 sourcemeter under standard test 
conditions (STC, AM1.5 100 mW/cm2
4.3. Result and Discussion: 
 irradiation at 25 °C). 












Figure 4.2. Cyclic voltamogramm of the solid state conductors in dichloromethane 
solution vs. Ag/AgCl reference electrode under N2 
 
atmosphere. 
 The HOMO energy levels of the solid state conductors were calculated from 
the first onset oxidation potential of cyclic voltamogramm shown in Figure 4.2. It was 
observed that SD2 and SD3 have first oxidation potential at 0.23 V vs Ag/AgCl 3M 
KCl reference electrode whereas SD1 has first oxidation potential at 0.6V. The redox 
potentials vs. Ag/AgCl were converted to normal hydrogen electrode (NHE) by 
addition of +0.230V.18 The HOMO energy level of the SD2 and SD3 (0.46 V vs. 
NHE) is close to that of the redox potentialof the I/I3-





 couple (ca. 0.40V vs. NHE). 
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The sufficiently high HOMO energy level of the electrolyte ensures that it is 
thermodynamically favorable for the dye regeneration reaction to compete efficiently 














Figure 4.3. (a) Energy level diagramm of the solid state condcutor showing effciecnt dye 
regenartion process; (b) Digital image of electrolyte mixture of 0.12M SD2, 0.1M tert-
butylpyridine 0.12M lithium bis(trifluorosulfonyl) imide (Li[(CF3SO2)2
 





4.3.2. Photovoltaic performance: 
 Figure. 4.4 shows the J-V characteristics and IPCE of the SDSCs using 
different solid state ionic conductor electrolytes under the STC. Their photovoltaic 

















Figure. 4.5. (a) J-V characteristics of the SDSCs using the SD1 (red circle), SD2 (black 
square) and SD3 (blue triangle) electrolytes under STC (solid) and in dark (empty); (b) 
IPCE curves of the devices. 
 
conversion efficiency reaches 2.85% under AM 1.5 100 mW/cm2 and the IPCE is 
54% at 520 nm. The photovoltaic performance of the SD2 based SDSC is slightly 
superior to that of SD3 based. The higher Jsc, IPCE and conversion efficiency of the 
SD2 is due to the higher charge carrier diffusion coefficient of the SD2 electrolyte 
(2.2 × 10-7 and 1.6 × 10-7 cm2s-1

















 for the SD2 and SD3 electrolyte, respectively). It 
indicates that the elongated alkyl chain is detrimental to the triiodide diffusion. 
However, the device employing the SD3 electrolyte outperforms the device using 





















SD1. The former has much higher Jsc than the latter. It supports the observation that 
the iodide anion is much better than the thiocyanate anion for the regeneration of the 
N719 dye.19
Table 4.1. Photovoltaic performance parameters of the SDSCs using different 
electrolytes under the STC. 
 
 
Electrolytes Voc J/V sc/mAcm FF -2 η (%) 
SD1 0.726 3.10 63.8 1.43 
SD2 0.718 6.23 63.7 2.85 
SD3 0.701 5.13 60.5 2.17 
SD1 no I 0.587 2 0 0 0 
SD2 no I 0.683 2 2.95 68.6 1.40 
SD3 no I 0.706 2 1.97 66.5 0.93 
SD1 + KI 0.798 0.908 53.7 0.39 
SD2 + KI 0.712 2.70 63.8 1.23 
SD3 + KI 0.840 1.25 70.3 0.74 
 
 To gain an insight into the effect of the counter anion of the solid state ionic 
conductors on the dye regeneration process, the SDSCs were tested using electrolytes 
containing solid state ionic conductors without iodine. The photovoltaic performance 
of these “no I2” electrolytes is summarized in Table 4.1. It was found that the cells 
based on the SD1 without I2 did not show any photovoltaic effect. On the other hand, 
the SDSCs employing SD2 and SD3 without I2 electrolyte exhibited a conversion 
efficiency of 1.40% and 0.92%, respectively. This indicates that SD2 or SD3 can 
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regenerate oxidized N719 dye in the absence of iodine. To see the role of the 
carbazole moiety in the dye regeneration process, a control device that was fabricated 
by replacing the solid state ionic conductor with 1-butyl-3-methylimidazolium iodide. 
This BMII has no carbazole moeity and showed strong photovoltaic effect previously 
in the presence of I2.14 But in the absence of I2
4.3.3. KI Effect: 
, BMII did not show any photovoltaic 
performance here. It clearly indicates that the carbazole moiety in the solid state ionic 
conductors is crucial for the observed photovoltaic performance. 
 It was found that the efficiency of a solid state is increased after treatment of 
sensitized photoanode with KI solution. Because intermediate KI layer can penetrtae 
deep into the mesoporous TiO2 and help to make intimate mixing with dye and hole 
conductor. Therfore, further investigation on dye regeneration process was carried out 
by soaking the titania stained electrodes in a 50 mM KI in acetonitrile solution for 10 
min before drop casting of the electrolytes. The photovoltaic performance of the I2 
free SDSCs using KI treated titania electrodes is also summarized in Table 4.1. As a 
result, the SDSCs based on the SD1 without I2 electrolyte showed a moderate 
efficiency of 0.39%. Thus it is proved that carbazole-imdazole structure has hole 
conducting property. In spite of an improvement in Voc by KI treatment, it reduces the 
Jsc and the conversion efficiency of SDSCs based on SD2 and SD3 solid state ionic 
conductors. The decrease in Jsc may be due to the excess iodide interfering with the 
Grotthuss-type triiodide transportation mechanism.20 The enhancement of the Voc is 
due to the increased iodide concentration which in turn, downwardly shifts the I-/I3- 
redox potential.  
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 Based on the observations, we put forward an operating mechanism of the 
SDSCs using carbazole-imidazolium (CBZ-IMDZ) iodide solid state ionic 
conductors. The photogenerated oxidized dye is first regenerated by oxidizing an 
iodide anion into iodine radical. The iodine radical is subsequently reduced to iodide 
by the CBZ-IMDZ cation, with the resulting hole in the CBZ-IMDZ being transported 
by a hopping mechanism to the counter electrode (Scheme 4.2a) for reduction. 
Alternatively, the CBZ moiety can aid transport of the iodine radical to the counter 
electrode via a Grotthuss-type mechanism as illustrated in Scheme 4.2b. Note that 
Scheme 4.2b can also explain the better performance of SD2 over SD3, since the 









Scheme 4.2. Schematic illustration of the mechanism of hole hopping (a) and iodine 
radical transport; (b) through CBZ-IMDZ-I solid state ionic conductors. 
 
During transport to the counter electrode, the hole or iodine radical recombines 
with an electron in the conduction band of titania. Because of the lack of iodide anion 









CBZ-IMDZ+ I- CBZ-IMDZ+ I- CBZ-IMDZ+ I
e- e- e- e- e-
CBZ-IMDZ+ I CBZ-IMDZ+ I- CBZ-IMDZ+ I-
(a)
(b)
” cell, the electrolyte SD1 itself does not work. The KI treatment 
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deposits a thin layer of KI on the titania surfaces, which can initiate dye regeneration 
and enhances the photovoltaic effect. It is consistent with the observation that an 
iodide treatment is required for polyvinyl carbazole to function as electrolyte for the 
efficient performance of SDSC.8
 In the presence of iodine, the triiodide formed by the dye regeneration can be 
transported through the electrolyte by the Grotthuss-type exchange mechanism as 
well. The hole transport mechanism in the CBZ-IMDZ units may assist the Grotthuss-
type exchange mechanism or work in parallel, leading to a fast triiodide diffusion in 





4.3.3. Measurement of triiodide diffusion coefficients: 
Electrochemical impedance spectroscopy (EIS) measurements were performed using an 
Eco chemie Autolab (PGSTAT 302N and FRA2) to measure the triiodide diffusion 
coefficient. The cell configuration is Pt / SD electrolyte /Pt. The EIS measurements in 
dark were conducted in the frequency range of 105 -10-1
 












Figure 4.6. A typical impedance spectrum for Pt/SD2 electrolyte/Pt. (a) Black squares 
are original data and red line is the fitting based on the equivalent circuit shown in (b). 
The diffusion coefficient was calculated using the following equation from the 
references21, 22
2 /nD L ω=
 
 
where, L is the thickness between the two Pt electrodes (12.5µm) and ω (0.7 for SD2) is 
the fitting value for W1 element.  
 From the impedance measurement in the Figure 4.6, it was calculated that the 
solid electrolyte has a total charge carrier diffusion coefficient (1.6 - 2.2 × 10-7 cm2s-
1) similar to that of the ionic liquid electrolyte (2.2 - 6.6 × 10-7 cm2s-1).14
 The fabricated SDSCs show good air stability. After one month in the ambient, 
 For this 
reason, the photovoltaic performance of the SDSCs based on these solid state ionic 





   
    
   
         
 
 
   
   



















without any sealing the devices exhibit an efficiency of 2.4% under the STC. The 
slight decrease is mainly due to the reduced Jsc
4.4. Conclusion: 
, possibly resulting from desorption of 
the N719.  
 In summary, we have synthesized a new class of solid state ionic conductors 
with carbazole-imidazole iodide structure. Solid state conductors were employed 
successfully instead of liquid electrolyte in SDSC. The combined solid state ionic 
conductors and iodine electrolytes provide dual channels for hole/triiodide 
transportation. SDSCs using the SD2 achieved a promising conversion efficiency of 
2.85% under STC and an IPCE of 54% at 520 nm. There is plenty of room to improve 
the conversion efficiency by optimizing the components in the all solid state dye 
sensitized solar cells, such as using a dye with a higher absorption coefficient. 
Various combinations of electrolyte systems have been employed in several devices 
to gain an insight about the role of carbazole moiety in the photovoltaic effect. It was 
found that carbazole, acting as a good hole conductor, when attached to a imiazoilium 
iodide structure, could act as dual channel for hole and triiodide transport. The ionic 
conductors are solid at room temperature and work as electrolyte efficiently with long 
term stability. Thus a good hole conductor can be attached to this imidazolium iodide 
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Graphene-polymer hybrid for nonlinear optics 
 
5.1. Introduction: 
Graphene is a single atom thick sheet of hexagonally arrayed sp2-bonded carbon 
atoms. It has fascinating characteristics of thermodynamic stability,1 high specific surface 
area,2 high charge carrier mobility,3 high mechanical stiffness4 and broad band non linear 
optical limiting property.5 These unique properties make graphene a potential new 
material for fabricating various electronic devices such as field effect transistor,6 
transparent electrodes,7 ultrasensitive sensors,8 optoelectronics9 and organic photovoltaic 
devices.10 Graphene based composite materials were used as acceptor, transparent anode 
in BHJ and sensitized anode in DSSC. In fact, the insolubility and zero band gap 
structure of graphene have restricted its wide application in micro or nano electronics 
devices. Solution-processed graphene is emerging as an important class of materials 
because of its amenability to be processed in bulk-scale for the formation of nanoscale 
hybrids, organic-inorganic composites, and polymer blends. Different covalent11 or non 
covalent12 or electrostatic13 fuctionalization methods using organic counterpart have been 
employed to improve the solubility and change the band structure of graphene. Such 
graphene-organic hybrids can exhibit multifunctional properties. For example, the 
hybrids can be dispersed in a wide range of solvents when compared to pure graphene. In 
addition, it can form donor-acceptor charge-transfer complexes.14 Graphene oxide (GO) 
and organic hybrids have also shown non linear optical (NLO) properties15 similar to 
other carbon allotrope such as multi-walled16 and single-walled carbon nanotubes,17 
fullerene18 and carbon black suspension.19 Organic polymeric counterpart materials have 
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turned out to be attractive mainly due to their versatility, high nonlinearity, ultra-fast 
response, and the flexibility in tuning the optical properties. In addition, conjugated 
polymeric systems have emerged as a promising class of NLO materials. These polymers 
offer good flexibility at both molecular and bulk levels so that structural modifications 
can lead to optimized properties for specific applications. Cassano et al.20
 
 had reported 
that, incorporation of alternative electron acceptor and donor units in the polymer 
backbone would enhance the NLO properties, mainly due to hyperpolarizability. Non 
linear optical effects have potential application in the protection of optical sensors, 
human eyes and optical elements from high-intensity laser beams. Optical limiters emit a 
decreasing transmittance as a function of laser fluence or irradiance while exhibiting high 
transmittance at low intensity ambient light. Instead of insulating polymer-graphene 
oxide composites, semiconducting polymer-conducting graphene hybrids will be much 
more attractive in the search of unique optical limiters. Suitable functional groups and 
hybridization procedures are highly desirable to obtain solution processable rGO hybrid 
materials. In this work, we introduced fluorene, thiophene and benzothiadazole moieties 
into conjugated polymer as donor-spacer-acceptor triad, which was attached covalently to 
the rGO. This graphene-polymer hybrids showed excellent solubility in different types of 
solvents. The synthesized graphene polymer composite was attempted as active layer 
material in BHJ but due inhomogeneous film formation by spincasting it did not show 
any photovoltaic effect. However this hybrids exhibit a superior optical limiting 






Scheme 5.1. Synthesis of Polymers and G-Polymers a) LDA, trimethylchlorostannane, 0 
°C; b) Pd(PPh3)4, DMF, MW; c) NBS, DMF; d) Pd(PPh3)4, TBAB, K2CO3, 5.1 or 5.3, 
90 °C, DMF, THF; e) (i) NaBH4, 5% aq. Na2CO3
 
, 80 °C, pH = 10, (ii) 4-bromobenzene 





5.2.1. Materials and Characterization: 
All reagents and chemicals were purchased from Aldrich. Tetrahydrofuran (THF) 
was distilled from sodium benzophenone prior to use. N, N-Dimethylformamide (DMF) 
was dried and distilled from CaH2
The 
. Other chemicals and reagents were used as received 
without further purifications.  
1H NMR spectra were recorded in solution of CDCl3
 
 on a Bruker DPX (400 
MHz) NMR spectrometer with tetramethylsilane (TMS) as the internal standard. UV-
visible absorption spectroscopy was studied by a Shimadzu UV-3101 PC spectrometer at 
room temperature. Electrochemical measurements were performed using an Autolab 
potentiostat (model PGSTAT30) by Echochimie. Fourier transform infrared 
spectrophotometry (FTIR) was recorded on a Varian 3100 FTIR instrument and 
measured in KBr discs. MALDI-Tof (matrix-assisted laser desorption ionization time-of-
flight) analysis was performed on Bruker Autoflex II spectrometer, using dithranol as 
matrix. Atomic force microscopy (AFM) experiments were performed using a NanoMan 
AFM system (Veeco Instruments and Process Metrology) operating under tapping mode. 
X-ray photoelectron spectroscopy (XPS) was performed using an unmonochromated Mg 
Kα X-ray source (Thermo VG Scientific, UK) with a Phobios 100 electron analyzer 
(SPECS GmbH, Germany) equipped 5 channeltrons. Transmission electron microscopy 
(TEM) measurements were conducted with a JEOL JEM-3010 microscope at an 
acceleration voltage of 300 kV. Microwave (MW) heating reaction was carried out on a 
biotage initiator microwave synthesizer equipped with magnetic stirrer. 
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5.2.2. Synthesis of graphene-polymer hybrid: 
The synthetic routes of G-Polymer hybrids were displayed in the Scheme 5.1. The 
graphene and semiconductor polymer hybrids were synthesized from graphite powder 
and monomer units of polymers. Monomers were synthesized by slightly modifying the 
procedure reported in Hou et.al.21 The GO sheet was reduced and grafted with fluorene, 
thiopehene and benzothiadole based polymer sequentially. In the first step bromophenyl 
group is grafted from diazonium salt precursor. Then monomers were attached to the 
bromophenyl attached graphene synthon via Suzuki coupling procedure. The details 
procedure of each steps are described in the following sections. The characterization 
procedures include AFM, XPS, TEM, 1
Synthesis of GO: 
H-NMR spectroscopy, FTIR spectroscopy, Maldi-
tof mass spectroscopy, UV-visible spectroscopy, fluorescence spectroscopy, TGA, and 
DSC. The experimental data were analyzed and described in the experimental section. 
GO was prepared using a modification of Hummers and Offeman’s method from 
graphite powders. In a typical reaction, 1.5 g of graphite, 1.5 g of NaNO3, and 69 mL of 
H2SO4 were taken in a round bottom flask and cooled in an ice bath. Next, 9 g of KMnO4 
was slowly added to the mixture at 0 °C. After mixing, the solution was transferred to a 
40 °C water bath and stirred for about 1 h, forming a thick paste. After addition of 120 
mL of water, the solution was stirred for 30 min while the temperature was raised to 
95°C. Finally, the reaction mixture was diluted with 300 mL of water. The color of the 
solution turned from dark brown to yellow after slow addition of 9 mL of H2O2 (30%). 
The warm solution was then filtered and washed with 300 mL of water. The filter cake 
was then dispersed in water by mechanical agitation. All visible particles were removed 
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(about 3-5 times) from the precipitates by a repeating low-speed centrifugation for 2 
minutes at 1000 rpm. After that, small GO pieces were removed by two more high-speed 
centrifugation steps at 10000 rpm for 15 minutes of supernatant solution of the previous 
step. Inorganic anions and other water soluble impurities were removed through ten 
washing cycles that included centrifugation, discarding supernatant liquid, and 
resuspending the solid in ultrapure water and ultrasonication. This microsized GO was 
cut into small pieces of nanosize GO by ultrasonication in presence of 70% HNO3 (10 
mL HNO3 
Synthesis of rGO-PhBr(5.5): 
/100 mg of microsized GO) for 4 h at 60 °C temperature bath. After ultra 
sonication the concentrated acid solution was diluted to 20 times by deionized water and 
small sized GO was collected by high speed centrifugation (15000 rpm). This nano sized 
graphene was further purified with ethanol solvent by five cycles of washing as 
mentioned above. 
In a two step process, first 100 mg of small GO was dispersed in 1 wt% of 100 
mL aqueous sodium dodecylbenzene sulfonate (SDBS) in a round bottom flask. After 
homogenization by 1 h ultrasonication, pH of the solution was adjusted to 9-10 with 5% 
wt sodium carbonate solution. The resulting GO dispersion was reduced with 0.8 g of 
sodium borohydride at 80 °C for 1.5 h. After the reduction of GO the reaction mixture 
was cooled to 0 °C and 1 g of 4-bromophenylbenezene diazonium tetrafluroborate was 
added in situ. After stirring the reaction mixture for 2 h at room temperature, rGO-PhBr 
(5.5) was precipitated by adding acetone. The crude rGO-PhBr was purified by ten cycles 
of washing with different solvents which involved centrifugation, discarding supernatant 
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liquid, and re-suspending the solid in particular solvent and ultrasonication. The extent of 
purification was confirmed by TLC and UV-visible spectra of the supernatant liquid. 
Synthesis of Monomers: 
(4-hexylthiophen-2-yl)trimethylstannane: 
To a solution of 3-hexylthiophene (5 g, 29.9 mmol) in anhydrous THF (50 mL) at 
-10 °C, Lithiumdiisopropylamide (LDA) (14.9 mL, 29.9 mmol, 2 M in heptane) was 
added drop wise and the mixture was stirred at this temperature under N2
4,7-bis(4-hexylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (5.2): 
 for 2 h. Then 
trimethylchlorostannane (30 mL, 30 mmol, 1 M in THF) was added. The cooling bath 
was removed and the mixture allowed to reach room temperature and kept it for 
additional 2 h. The mixture was poured into saturated aqueous sodium hydrogen 
carbonate, and the organic phase was separated and washed with saturated aqueous brine 
and then dried over an anhydrous sodium sulfate. The solvent was removed at a reduced 
pressure. The residue as light yellow oil was used in the next step without further 
purification. 
In a glove box, 20 mL glass vial equipped with a stirrer bar was charged with 4-
hexylthiophen-2-yl)trimethylstannane (prepared as above and used directly), 4,7-
dibromo-2, 1, 3-benzothiadiazole (2.5 g, 8.5 mmol), Pd(PPh3)4 (200 mg, 0.17 mmol) and 
anhydrous DMF (12 mL). The glass vial securely sealed inside the glove box and was 
placed into a microwave reactor and heated at 150 °C for 15 min with stirring. The 
reaction mixture was cooled down to room temperature and extracted with water and 
ethyl acetate. The organic part was washed with brine solution and dried over Na2SO4. 
The crude product was obtained after evaporating the solvent in vacuum. The orange 
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color solid (3.38 g, 85% yield) was purified from the crude by silicagel column 
chromatography with hexane as eluent.  
1H NMR (CDCl3, 400 MHz): δ (ppm) 7.97 (s, 2H), 7.82 (s, 2H), 7.03 (s, 2H), 2.69 (t, J = 
7.6 Hz, 4H), 1.74-1.66 (m, 4H), 1.41-1.31 (m, 12H), 0.90 (t, J = 6.8 Hz, 6H). 
13C NMR (100 MHz, CDCl3
MS (MALDI-Tof, m/z): Calcd for C
): δ (ppm) 152.65, 144.34, 139.02, 129.01, 126.05, 125.49, 
121.49, 31.70, 30.66, 30.46, 29.04, 22.61, 14.06.  
26H32N2S3
4,7-Bis(5-bromo-4-hexyl-2-thienyl)-2,1,3-benzothiadiazole (5.3):  
, 468.172; found 468.243. 
4,7-Di(4-hexyl-2-thienyl)-2,1,3-benzothiadiazole (3 g, 6.4 mmol) was added into 
chloroform in nitrogen flow. After dissolving the solid completely, N-bromosuccinimide 
(2.28 g, 12.8 mmol) in DMF solution was added drop wise at 0 °C. The reaction mixture 
was stirred at a room temperature for 2 h, hexane was added into the mixture, the white 
precipitate formed was filtered off, the filtrate was extracted with ether, and the organic 
layer was washed with brine and dried over anhydrous sodium sulfate. The solvent was 
removed at a reduced pressure and reccrystalization give the titled product as a red solid 
(3.47 g, yield = 87%). 
1H NMR (CDCl3, 400 MHz): δ (ppm) 7.76 (s, 2H), 7.74 (s, 2H), 2.63 (t, J = 7.6 Hz, 4H), 
1.68-1.61 (m, 4H), 1.41-1.32 (m, 12H), 0.90 (t, J = 6.8 Hz, 6H).  
13C NMR (100 MHz, CDCl3
MS (MALDI-Tof, m/z): Calcd for C
): δ (ppm) 152.11, 143.03, 138.49, 128.02, 125.17, 124.65, 
111.59, 31.65, 29.73, 29.69, 28.99, 22.62, 14.09.  
26H30Br2N2S3,
 




Synthesis of Polymer: 
The synthesis of the two alternating copolymers were carried out using well-
known palladium-catalyzed Suzuki coupling between 9,9-dihexylflourene 
diboronatepropanoate ester (5.4)(750 mg, 1.49 mmol) and monomer 5.1 (438 mg, 1.49 
mmol) or monomer 5.3 (930 mg, 1.49 mmol). In a two naked rbf two monomers, 
potassium carbonate (617 mg, 4.47mmol), Pd(PPh3)4 (86 mg, 0.074 mmol)) tetrabutyl 
ammoniumbromide (100 mg) were taken and 40 mL mixture of anhydrous THF and 
DMF solvent (1:1) was added under N2
Synthesis of G-Polymer: 
 atmosphere. The reaction mixture was stirred and 
heated under nitrogen at 100 °C for 72 h. At the end of polymerization, the terminal 
boronic ester and bromine groups were end-capped by sequentially adding excess 
bromobenzene (15.7 mg, 0.1 mmol) and phenylboronic acid (12.2 mg, 0.1 mmol) and 
refluxing for 12 h respectively. The reaction mixture was cooled to about 50 °C and 
slowly added to a vigorously stirred mixture of methanol and water (10:1). The 
precipitate was collected by filtration was further purified by Soxhlet extraction in 
acetone for 2 days to remove oligomers and catalyst residues. 
rGO-PhBr, 5.5 (30 mg) was dispersed in 30 mL DMF solvent in a two naked 
round bottom flask equipped with magnetic bar. Potassium carbonate (410 mg, 2.97 
mmol), 9, 9′-dihexylflourene diboronate propanoate ester (5.4) (300 mg, 0.60 mmol), 
tetrabutyl ammoniumbromide (100 mg) were added to the dispersion. The reaction 
mixture was degassed by nitrogen purging and evacuating sequentially for five times. 
Pd(PPh3)4 (0.39 mmol) in THF (10 mL) solution was injected to the reaction mixture. 
The reaction mixture was then refluxed for 2 h at 100 °C. After that a mixture 5.1 (220 
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mg, 0.75 mmol) or 5.3 (469.8 mg, 0.75 mmol) with 9,9-dihexylflourene 
diboronatepropanoate ester (200 mg, 0.39 mmol) in THF (20 mL) solution was injected 
to the reaction mixture and refluxed for 72 h at same temperature in N2
 
 atmosphere. At 
the end of polymerization, the terminal boronic ester and bromine groups were end-
capped by sequentially adding excess bromobenzene (15.7 mg, 0.1 mmol) and 
phenylboronic acid (12.2 mg, 0.1 mmol) in similar manner as discussed before. The 
reaction mixture was cooled to about 50 °C and slowly added to a vigorously stirred 200 
mL mixture of methanol and water (10:1). The precipitate was collected by filtration 
from solvent mixture. The G-Polymers were further purified by sequentially precipitating 
in methanol and water (10:1) mixture after dissolving in chloroform to remove oligomers 
and catalyst residues. Finally, the G-Polymers were dissolved in chloroform and filter 
through 0.2 µm PTFE filter paper to remove all physically adsorbed polymer molecules 
particles. These steps, dispersion in chloroform, filter through 0.22 µm PTFE filter paper 
were repeated for five times until the filtrate did not contain any free polymers which was 
checked by UV-visible spectroscopy. The final G-Polymers were dried under vacuum to 
yield G-Polymer 1 as 42 mg and G-Polymer 2 as 51 mg. 
5.3. Results and discussions: 
5.3.1. Synthesis and characterization:  
Synthetic procedure of fluorene, thiophene and benzothiadazole based 
copolymers grafted rGO (G-Polymer 1 and G-Polymer 2), Polymer 1 and Polymer 2 are 
presented in the Scheme 5.1. In the first step, we synthesized water-processable single-
layer GO from graphite powder using a modification of Hummers and Offeman’s 
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method. The micro sized GO were cut into small pieces of nanometer sized by sonication 
with concentrated nitric acid. The presence of hydroxyl, epoxide functional groups on 
their basal planes and carbonyl and carboxyl groups at the sheet edges make GO sheets 
strongly hydrophilic which allows them to readily exfoliate by mild ultrasonic treatment 
to form stable aqueous dispersion containing almost 1-nm-thick sheets (Figure 5.1 A, B). 
Reduction of water-dispersed GO nano platelets results in decrease in their hydrophilic 
character, which leads to their irreversible agglomeration and  p recipitation d u e to π-π 
stacking. Here, a stable aqueous dispersion of rGO nanoplatelets were prepared by the 
reduction of small GO with NaBH4 in the presence of an anionic surfactant SDBS. Then 
4-bromophenyl group was covalently grafted to the basal carbon atoms of the rGO sheets 
which yielded the intermediate 5.5 (rGO-PhBr). It has been reported in the literature that 
spontaneous grafting is impossible on non conducting surface.22 Hence the radical 
initiated coupling reaction of 4-bromophenyl radical with conductive rGO is driven by 
spontaneous electron transfer from graphene layer to the diazonium salt.23
 
 The presence 
of significant amount of bromine by XPS confirmed the grafting of bromophenyl group 
(shown in Figure 5.2a). Considering atomic response factor of bromine as 1.5, Br 3p peak 
intensity relative to C1s was found to be 11%. From the narrow scan area in C1s region 
shown in the Figure 5.2 (b), It was found that the area ratio of the C-O (C1s binding 
energy, BE = 286.8 eV) to the C-C (BE = 285.1 eV) component decreased from a ratio of 





Figure 5.1. AFM images of GO (A), section analysis shows the sheets height of 0.9 nm; 
(B) digital image of a) Polymer 1; b) G-Polymer 1; c) rGO; d) G-Polymer 2; e) Polymer 2 
dispersion in chloroform (C). 
 
Figure 5.1 (A) shows tapping mode AFM images of exfoliated graphene sheets. 
The sample was prepared by spin coating of GO dispersion in water (1 mg/mL) onto a 
freshly cleaved mica substrate and dried under vacuum at room temperature. The cross 
sectional view of the AFM image confirmed that GO sheets were of single atomic layer 
with thickness of 0.9 nm, which is thicker than the normal graphene sheets of 0.34 nm 
due to presence of basal hydroxyl and epoxy groups. The lateral dimensions were varied 




Figure 5.2. a) XPS survey scan of rGO-PhBr. The presence of the Br 3p peak proves the 
successful grafting of the bromophenyl group. (b) XPS narrow area in C1s region. The 
loss of C-O intensity in rGO-PhBr indicates substantial reduction of GO. 
Grafting of phenylbromide group to rGO improves the dispersion of graphene 
sheets in polar aprotic solvent such as DMF up to 1 mg/mL with minimal sedimentation. 
The intermediate rGO-PhBr (5.5) was used as a synthon to attach various functional 
groups on it. We first coupled rGO-PhBr with 2-(2-(1,3,2-dioxaborinan-2-yl)-9,9-
dihexyl-9H-fluoren-7-yl)-1,3,2-dioxaborinane (5.4) by Suzuki coupling. Subsequently in-
situ Suzuki polymerization reaction allowed copolymer chains to be grafted to the 
nanosheet surface in presence of 5.4 and 4,7-dibromobenzo[c][1,2,5]thiadiazole (1), or 
4,7-bis(5-bromo-4-hexylthiophen-2-yl) benzo [c] [1,2,5] thiadiazole (5.3) together in 
THF. Compound 5.3 was obtanined by bromination of intermediate 5.2. Intermediate 
compound 5.2 was obtained by Stille coupling procedure from 5.1 and (4-hexylthiophen-
2-yl)trimethylstannane which was prepared from 3-hexyl thiophene. After attachment of 
one fluorene unit to the each phenyl bromide site of the graphene intermediate 5.5, 
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solubility of the graphene sheets increased and favored the further polymerization process 
in THF and DMF mixture solvents. After polymerization the graphene-polymer 
composites were purified from catalyst, monomers and inorganic salt by precipitation 
technique of polymer purification using methanol and water mixture solvents (10:1 ratio). 
Finally the physically adsorbed free polymer molecules and small molecular impurity 
particles were removed by filtration through 0.22 µm PTFE filter paper for five times 
repeating cycles. The precipitated powders can be dispersed in different types of organic 
solvents, which are suitable for fabrication of various organic electronic applications. For 
control studies, rGO was prepared by reduction of GO with sodium borohydride at 80 °C 
for 1.5 h in absence of SDBS. In addition, Polymer 1 and Polymer 2 were synthesized by 





5.3.2. Electrochemical properties: 
The band gap energy of the pure polymers was evaluated from first oxidation and 
reduction potential in cyclic voltammetry. HOMO and LUMO energy levels and band 
gap energies of the polymers were estimated from the equations 2.1, 2.2, and 2.3 in the 
chapter 2. The band gap energy of Polymer 2 (2.06 eV) is lower than the Polymer 1 
(2.42) due to the introduction of two thiophene unit in one ‘mer’ unit of the former. 
HOMO and LUMO energy levels of Polymer 1 are -3.14 eV and -5.56 eV and those of 











Figure 5.3. Cyclic Voltammetry of Polymer 1 and Polymer 2 in dichloromethane 
solution under nitrogen atmosphere. 
 
The digital images of G-Polymers in chloroform solution compared with rGO and 
polymers, are displayed in Figure 5.1(C). GO dispersion in polar solvents like water 
mainly governed by enthalpic interactions between hydrophilic surface and polar 
solvents. In contrast, rGO nanosheets become hydrophobic in nature and they have high 
interlayer cohesive energy (van der Waals interaction). For this reason, rGO can not be 
dispersed in nonpolar solvents (Figure 5.1C) without any electrostatic or steric protection. 
Grafting of polymer molecules onto rGO sheets significantly reduced the enthalpic 
interactions. Furthermore, dispersion of polymer grafted rGO in nonpolar solvents is 
feasible by the increase of total entropy of the system (Figure 5.1C). Graphene-polymer 

























Figure 5.4. UV-visible spectra of a) G-Polymer 1, Polymer 1 in toluene and rGO-PhBr in 
DMF; b) G-Polymer 2, Polymer 2 in toluene and rGO-PhBr in DMF. 
 
The UV-visible spectra of graphene polymer composites and pure polymers were 
recorded in toluene. Since rGO-PhBr is almost insoluble in toluene its UV visible spectra 
was recorded in DMF. Absorption behavior of the graphene derivatives are shown in 
Figure 5.4. Polymer 1 has two absorption regions with one absorption peak with 
absorption maximum at 318 nm for the π-π* transition band of highly delocalized π 
electron in aromatic rings and another intramolecular charge transfer (ICT) transition 
band with maximum absorption at 443 nm. As shown in Figure 5.4b, Polymer 2 has 
similar absorption behavior with maximum absorption peak at 361 nm and ICT band at 
507 nm. The ICT band has red shifted in Polymer 2 than that of polymer 1 due to 
incorporation of thiophene unit into monomer units which reduced the band gap energy 
in Polymer 2 (Eg



























 = 2.06 eV). rGO-PhBr absorbed from 280 nm to 800 nm without any 
absorption maxima indicating only π-π* transition band. This can be explained by the 
dominant broadband absorption of rGO (or graphene) since the molecule phenyl bromide 
does not absorb in this range. In Figure 5.4a, G-Polymer 1 has broad absorption peak at 
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318 nm and a broad absorption band at around 443 nm, characteristics of polymeric 
absorption. In addition, graphene type absorption from 500 to 800 nm is also observed. 
G-Polymer 2 showed a similar spectral behavior matched with Polymer 2 in Figure 5.4b. 
Significantly, there is no shift in the peak position of wavelength absorption maxima but 
a broadening of absorption band indirectly proves the covalent attachment of the 
graphene sheets and polymer molecules.  
To investigate the excited state electronic transition, fluorescence spectra of G-
Polymers and Polymers were measured quantitavely by adjusting the π-π* absorption 
peak at same absorbance in toluene solvent and presented in Figure 5.5. G-Polymer 2 and 
Polymer 2 were excited at 532 nm wavelength whereas Polymer 1 and G-Polymer 1 were 
excited with 450 nm. It was found that the G-Polymer hybrids exhibited strong 
flourescence quenching, as compared to only Polymer’s emission band at a matching 
absorption. G-Polymer 1 quenched 97% of emission at 522 nm of Polymer 1 and G-
Polymer 2 quenched 83% of emission at 615 nm of Polymer 2, which indicated that there 







Figure 5.5. Fluoresence spectra of a) G-Polymer 1, Polymer 1 excited at 450 nm; b) G-
Polymer 2, Polymer 2 excited at 532 nm in toluene. The fluorescence is effectively 
quenched by Graphene. 
 






































5.3.4. FTIR study: 
The evidence of successful functionalization following the covalent coupling of 
the polymer on rGO can be obtained from the Fourier-transform infrared (FTIR) spectra, 
as shown in Figure 5.6. The FTIR spectrum of GO is characterized by vibrational bands 
corresponding to the C=O stretching at 1732 cm-1, the benzenoid C=C-stretching 
vibration at 1618 cm-1, the O-H deformation vibration at 1416 cm-1, the C-O (hydroxyl) 
stretching at 1242 cm-1, and the C-O (epoxy) stretching at 1053 cm-1. After partial 
reduction of GO, the intensity of the C–O-stretching frequency at 1053 cm-1 decreases. 
Aromatic in-plane C–H-bending vibration in rGO–PhBr can be seen at 1149, 1064, and 
1007 cm-1. In addition, the presence of the phenylbromide groups is verified by peaks at 
603, 831, and 930 cm-1, which can be assigned to the aromatic out of-plane C-H-bending 
vibrations of the phenylbromide group. In G-Polymer 1 and G-Polymer 2, the vibrational 
frequencies are almost similar. The unique aliphatic asymmetric C–H stretch at 2921 cm-1 
and symmetric C–H stretch at 2850 cm-1
 








Figure 5.6. FTIR spectra of (a) GO, rGO-PhBr, G-Polymer 1 and G-Polymer 2  

























5.3.5. Thermal properties: 
The thermal behaviors of the rGO, polymers, and G-Polymers were investigated 
by thermogravimetric analysis (TGA). The TGA thermograms were recorded with a 
heating rate of 10 °C min-1 
 
in air and are displayed in Figure 5.7. The TGA of the G-
Polymers show a decomposition profile that is derivative of the following constituents – 
polymer and rGO. rGO shows two sharp decomposition onsets at 200 and 600°C, which 
correspond to the loss of bound solvent and oxygen functional groups, respectively. The 
decomposition onsets of G-Polymer hybrids occur at higher temperatures and show a 
decrease of almost 70 wt% by 600 °C, which is due to the loss of oxygen groups from 
GO and decomposition of-the polymer. It can be estimated from the weight loss in the 
thermogram that at least 50% of the weight content of the G-Polymer hybrids is due to 
the polymer constituents. Analogous to the greater thermal stability of Polymer 1  
compared to Polymer 2, G-Polymer 1 also shows higher stability than G-Polymer 2, as 
the latter contains additional thiophene units, which are readily oxidized at high 







Figure 5.7. TGA curves of rGO, Polymer 1, Polymer 2, G-Polymer 1, G-Polymer 2 
under 10 °C / minute heating rate in air.  





















5.3.2. Morphology and grafting behavior of G-Polymer: 
The morphology of the G-Polymer flakes was examined by TEM. G-Polymers are 
dispersed in toluene solution under sonication and a TEM specimen was prepared by 
dipping a copper grid into the solution and drying in air. The TEM images in Figure 5.8 
shows that G-Polymer flakes have dimensions more than 200 nm and are decorated by 
polymer nanoparticles (3-5 nm). It suggests that the polymerization has proceeded from 




























Figure 5.8. (a) TEM image of G–Polymer; (b) Magnified view of the rectangle part of 
the single sheet in (a). Confocal fluorescence images of polymer coated graphene sheets: 
(c) G–Polymer 1; and d) G–Polymer 2. (Confocal fluorescence images were taken by Dr. 
Manoj Kumar Manna). 
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To investigate the composition of nanoparticles on graphene sheets, graphene polymer 





Figure 5.9. STEM elemental mapping on G-Polymer nanocomposite (a) TEM image; (b) 
dark field image in STEM; (c) C atom; d) N atom; (e) O atom; (f) S atom; (g) STEM 




488 nm laser excitation wavelength. The fluorescent graphene single sheets and G-
Polymer clusters were displayed in Figure 5.8 (c, d). Furthermore, we have studied 
elemental mapping in STEM and the results are shown in Figure 5.9. Elemental mapping 
of these clusters in STEM found only the elements C, N, O, S which agrees with the 
elemental composition of the polymers.  
 AFM analysis of the G-Polymer surface reveals that polymer nanoparticles 
decorate the entire basal plane of rGO. Each diazonium and Suzuki-coupled site acts as a 
nucleation site for polymer growth. Figure 5.10 shows the AFM images of the polymer 
coated graphene, the contrast in roughness between the polymer-decorated rGO surface 
and the clean SiO2 surface shown in Figure 5.10b is very clear. We have varied the 
growth time and monomer concentrations to see the polymerization behavior. We started 
from an immobilized rGO on a SiO2 surface. The effect of growth time and monomer 
concentration is examined by AFM and shown in Figure 5.11. We found that the after 
addition of phenyl bromide the average thickness increased to 1.6 nm (Figure 5.11d) 
which is the total height of rGO (~1 nm) and PhBr (0.6 nm).22 
 
With longer growth time, 
and higher monomer concentration the thickness of the polymer can increase to 6.7 nm 
(Figure 5.11c). The thickness of the polymer layer is readily controlled by the growth 
time and concentration of monomer, which indicates that this is an efficient method to 










Figure 5.10. AFM images of Polymer 2-coated graphene, grown from micrometer-sized 
rGO on SiO2 substrate. a) Magnified image after a growth time of 20 h, top view 
showing polymer grains on rGO; b) Image of G-Polymer 2 on rGO after 20 h growth 
time, indicating clear difference between G-Polymer 2 and SiO2
 
; c) Standard image of G-
Polymer 2 after growth time of 60 h. G-Polymer 2 thickness increases to 6.7 nm after 60 





























Figure 5.11. AFM images of the G-Polymer 2. a) Growth time 20 h, monomer 4 
concentration of 3×10-3 mmol (G-Polymer height 2.37 nm); b) Growth time 20h, 
monomer 4 concentration of 9 × 10-3 mmol (G-Polymer height 3.7 nm); c) Growth time 
60 h, monomer 4 concentration of 9×10-3
 
 mmol (G-Polymer height 6.7 nm); d) rGO-PhBr 
(height 1.6 nm). 
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5.3.7. Optical limiting properties:  
The optical limiting properties of the G-Polymers were characterized by fluence-
dependent transmittance measurements with 532 nm laser pulses with pulse duration of 7 
ns, which was frequency-doubled from 1064 nm laser with a repetition rate of 10 Hz (Q-
switched Nd:YAG laser, Spectra Physics DCR3). The laser beam was focused onto the 
G-Polymer solutions contained in a 1-cm-path-length quartz cuvette with a spot size of 
165 μm. Figure 5.12 shows the nonlinear transmittance of the G-Polymers in toluene. The 
linear transmittances of the nanoparticles solutions were adjusted to 65% at 532 nm. 
CNTs are known as a benchmark of optical limiting material. Its optical-limiting property 
was also characterized under the same experimental conditions and with the same linear 
transmittance as that of G-Polymers for direct comparison. It was found that the 
transmittance of G-Polymers starts to drop at 0.1 J/cm2, which is smaller than rGO and 
CNT, indicating much enhanced optical limiting performance. The limiting threshold is 
defined as the incident fluence at which the transmittance falls to 50% of the normalized 
linear transmittance. The limiting thresholds are 0.93, 1.2 and 3.6 J/cm2 for the G-
Polymer 1, G-Polymer 2 and CNTs, respectively. In the pure toluene, we also observed 
an optical limiting effect at 532 nm which has negligible limiting threshold compared to 
that of the G-Polymers. rGO shows almost same optical limiting behavior as CNT in 
water. Polymer 1 and Polymer 2 in toluene also show some optical limiting behavior. 
These observations suggest that the higher optical limiting effect of G-Polymer hybrids is 
due to the influence of the semiconductor polymer counterpart. Generally two main 
factors might be responsible for the observed optical limiting effect, one is nonlinear 
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Figure 5.12. Optical limiting response of CNT, rGO in water and Polymer 1 and Polymer 
2, G-Polymer 1 and G-Polymer 2 in toluene measured using 7 ns pulses at 532 nm. The 
linear transmittances of the all solutions were adjusted to 65%. This data was generated 
by Mr. Venkatesh Mamidala. 
 
5.3.8. Non linear scattering behavior: 
To understand the mechanisms responsible for the strong optical limiting activity 
of these G-Polymer solutions at 532 nm, we have also performed input-fluence-
dependent scattering experiments on G-Polymers and Polymers in toluene, rGO and CNT 
in water at 532-nm laser pulses by using a setup similar to the one used by Sun et al.24



































Input-laser fluence- dependent scattering signal was collected at an angle of 10° to the 
propagation axis of the transmitted laser beam at 532 nm and depicted in Figure 5.13. For 
both the G-Polymer solutions and CNT suspension samples, the scattering signals were 
dominated by linear scattering at low input fluences and started deviating from linear 
behavior as the input fluence increased above some threshold. The contribution from 
nonlinear scattering became dominant at high pump fluences. These results suggested 
that the nonlinear scattering played an important role in the observed optical-limiting 
activity. The magnitude of the scattered signal for the G-Polymer solutions is higher than 
the scattering signal from CNTs at 532 nm, consistent with the better optical-limiting 
performance of the G-Polymer solutions compared to CNTs. In addition, we also 
observed that pure polymer solutions were showing very less scattering signal compared 



















Figure 5.13. Nonlinear scattering signals (at an angle of 10° to the propagation axis of 
the transmitted laser beam) for the G-Polymers, and Polymers in toluene, rGO and CNT 
in water using 532 nm (7 ns) laser pulses. The linear transmittances of all solutions were 
































The nonlinear scattering usually arises from the formation of two types of 
scattering centers after photo-excitation of the G-Polymer solutions. At higher pump 
fluence, the excitation energy absorbed by the graphene flakes easily transfers the 
thermal energy to the polymer, then to the surrounding solvents. Consequently, the 
solvent is heated up and the bubbles are formed, which act as the scattering centers. The 
initial bubbles quickly expand due to the large pressure difference at the vapor and G-
Polymer solution interface. When the size of bubbles grows to the magnitude of incident 
light wavelength, the bubble clouds effectively scatter the incident beam. Alternatively, 
the thin G-Polymer flakes could also be directly ionized by the high-intensity laser 
pulses, forming micro-plasmas. Fast expansion of these microplasmas creates scattering 
centers which attenuate the incident beam. The efficiency of scattering is largely 
dependent on the cluster formations of the G-Polymer hybrids and skeleton structure of 
the polymer. The donor-spacer-acceptor triad system may facilitate formation of 
microplasms due to hyperpolarizabilty effect. 
5.4. Conclusion: 
In this work, we have developed a novel approach to make organic processable 
polymer grafted rGO. We have synthesized two graphene polymer hybrids (G-Polymer) 
using fluorene, thiophene and benzothiadazole moieties in the backbones of polymers by 
Suzuki coupling procedure. The G-Polymers hybrids can be solubilized in different type 
of solvents such as chloroform, toluene, dicholorbenzene etc. The semiconducting 
fluorene based copolymers grafted rGO in toluene solution displayed a superior optical 
limiting property than other allotropes of carbon such as carbon nanotubes at 532 nm 
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laser beam. Different scattering behaviors of donor-acceptor-type polymer grafted rGO 
and CNT prove that enhanced optical limiting effect, perhaps, due to more non linear 
scattering. The main advantage of this Suzuki polymerization coupling procedure is that a 
wide variety of copolymers can be grafted by choosing the suitable monomers and this is 
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Conclusion and Outlook 
6.1. Conclusions: 
The most important component of an organic photovoltaic cell is the organic dye 
which is responsible for light harvesting and photon-to-charge conversion. The organic 
solar cells which employ organic dye as photon harvesting component are mainly of three 
types: a) Polymer based bulk heterojuction solar cell; b) Dye sensitized solar cell; and c) 
Solid state dye sensitized solar cell. The major limitations of these organic solar cells are 
associated with the low charge carrier mobility, exciton diffusion length, purity, and 
stability of organic materials. Photon absorption by the organic dye does not directly lead 
to free charge carriers but to excitons with large binding energies. These excitons have 
small diffusion lengths and charge recombination limits the photocurrent conversion and 
collection. In principle, organic solar cells can be as efficient as inorganic solar cells if 
the right combination of materials can be found. To design effective organic dyes, the 
working principles of three different types of OPV have been discussed in the 
introduction part of this thesis. In the next chapters, three types of small organic 
molecules have been designed, successfully synthesized and employed in molecular BHJ 
solar cell, dye sensitized solar cell and solid state dye sensitized solar cell, respectively. 
Conjugated small molecules afford advantages in synthesis, purification and structure 
definition compared to polymers. 
To address the problem associated with polymer for application and find a new 
direction in BHJ, we have developed a series of small molecule for molecular BHJ. The 
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structures of the dyes were confirmed by Maldi-TOF mass spectroscopy and NMR 
spectroscopy. The physical properties of these molecular chromophores were evaluated 
by UV-visible, fluorescence spectroscopy, DSC, TGA, and electrochemical measurement 
etc. The synthesized dyes absorb light in a broad region of solar spectrum. The optical 
absorptivity can be tuned according to the structure of the donor moiety in the 
chromophores. It was observed that the structure of Phenothizane affords better film 
properties by spincasting and provides good efficiency in molecular BHJ solar cell. 
We have also successfully shown that phenothiazine moiety is a promising donor 
moiety in metal free organic sensitizer in DSSCs. Two novel phenothiazine-based D-π-A 
type organic dye have been developed for the application in DSSCs. Vinyl-bithiophene is 
used as the conjugated spacer and cyanoacrylic acid is used as the acceptor moiety which 
is anchored on the oxide surface. The structures and physical properties of the dyes were 
investigated using Maldi-TOF mass spectroscopy, NMR spectroscopy, UV-visible 
fluorescence spectroscopy and electrochemical measurements. The use of two donor 
moiety in the D,D-π-A type dye enhanced the optical absorptivity. However the 
hydrophobicity is also increased which eventually leads to aggregation on TiO2
In this thesis, a new class of solid state ionic conductors based on “carbazole-
imidazolium iodide” structure has been synthesized to fabricate solid state device which 
circumvents the problems of liquid electrolyte and stability of DSSCs. Maldi-TOF mass 
 surface. 
As a result, the excited dye is quenched by non-radiative decay and this limits the 
efficiency. The use of chenodoxycholic acid as additive minimizes the dye aggregation 
and increase the efficiency. 
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and NMR spectroscopy were used to establish the structure of the synthesized 
compounds and intermediates. Various combinations of electrolyte systems have been 
employed in several devices to gain an insight about the role of carbazole moiety in the 
photovoltaic effect. It was found that carbazole, acting as a good hole conductor, when 
attached to a imiazoilium iodide structure, could act as dual channel for hole and triiodide 
transport. The ionic conductors are solid at room temperature and work as electrolyte 
efficiently with long term stability.  
Finally, a new material in the form of reduced graphene oxide (GO) is introduced, 
forming a graphene-organic polymer hybrid which can be used as optical limiting 
materials. Monolayer graphene oxide (GO) was synthesized by sonochemical treatment 
of graphite in acids. Reduction of the graphene sheets produced reduced graphene oxide 
(rGO). The rGO has been covalently coupled with semiconducting D-π-A type 
copolymer stepwisely via diazonium coupling with phenyl bromide, followed by Suzuki 
coupling. The degree of graphene reduction and attachment of bromophenyl was 
estimated using X-ray photoelectron spectroscopy and FTIR. The physical properties of 
the G-Polymer hybrids were characterized by UV-visible, fluorescence spectroscopy, 
TGA and nonlinear optical measurement. The morphology of this hybrid film was 
mapped by transmission electron microscopy, and atomic force microscopy. The degree 
of fuctionalization of graphene with polymerization time and monomer concentration was 
monitored by AFM which proves that this Suzuki polymerization on graphene is an 
efficient method. This graphene-polymer hybrid shows excellent solubility in wide 
variety of solvents. The attached fluorene, thiophene and benzothiadazole based D-π-A 
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type polymer not only helps to improve solubility of the graphene but also enhance the 
optical limiting property of the graphene hybrids. 
6.2. Outlook: 
Although the efficiency of small molecular BHJ are generally low, it is possible to 
increase efficiency using low band gap small molecule with wide absorption spectrum. 
The design strategy is based on band gap reduction by introducing only strong acceptor 
groups while keeping the donor moiety constant. The objective is to maintain a high Voc
In DSSCs, costly ruthenium-based dye can be replaced by organic dye to fabricate 
high efficiency organic DSSCs. The phenthiazine moiety is found to be quite useful in 
this regard. In combination with suitable electrolyte system and optimal modified 
structure, it can be applied for wide application in OPV. 
 
which depends on the difference between LUMO level energy of acceptor and HOMO 
level energy of the donor. In addition, the film formation properties of these designed 
small molecules should be good to maintain high charge mobility.  
Solid state dye sensitized cell concept is very attractive because of the high 
mobility of inorganic semiconductor and effective charge separation at the oxide surface 
can lead to an efficient device with help of a high absorbing photon harvesting organic 
material. Thus a good hole conductor can be attached to this imidazolium iodide structure 
for the regeneration of the dye to produce highly efficient solar cell 
Organic functionalizations of graphene produce hybrid materials with new 
properties that are not exhibited by the individual components. In our preliminary 
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attempt, a reduced graphene oxide-polymer hybrid was found to be not suitable as active 
layer in BHJ due to the insulating properties of the composites. One reason is that 
reduced graphene oxide (r-GO) derivatives in the composite have poor conductivity and 
impede photocurrent conversion and charge transport. A better choice would be the 
application of pure graphene directly exfoliated from graphite as the scaffold for 
functionalization with organic dyes. The introduction of conducting graphene sheets at 
appropriate concentration in the hybrids produce charge percolation pathway for the 
photogenerated carriers as well as dispersed heterojunction interfaces for the effective 
dissociation of exciton. Recent studies in our group show that composites made from 
such graphene flakes produced photoactive materials which can be deployed effectively 
in solar cells. Nevertheless, the r-GO/polymer composite synthesized in this work was 
found to exhibit good optical limiting properties, which can arise from a combination of 
scattering and energy/charge transfer effects. It is envisaged that further work in 
optimizing the donor-acceptor and interfacial bonding between graphene and organic dye 
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Calcd m/z for (M-I) = 430.322
